Physiological basis for transgressive yielding in bean-maize intercrops by Clark, Ethel Ann
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1980
Physiological basis for transgressive yielding in
bean-maize intercrops
Ethel Ann Clark
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agricultural Science Commons, Agriculture Commons, and the Plant Biology
Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Clark, Ethel Ann, "Physiological basis for transgressive yielding in bean-maize intercrops " (1980). Retrospective Theses and
Dissertations. 7322.
https://lib.dr.iastate.edu/rtd/7322
INFORMATION TO USERS 
This was produced from a copy of a document sent to us for microfilming. While the 
most advanced technological means to photograph and reproduce this document 
have been used, the quality is heavily dependent upon the quality of the material 
submitted. 
The following explanation of techniques is provided to help you understand 
markings or notations which may appear on this reproduction. 
1. The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. 
This may have necessitated cutting through an image and duplicating 
adjacent pages to assure you of complete continuity. 
2. When an image on the film is obliterated with a round black mark it is an 
indication that the film inspector noticed either blurred copy because of 
movement during exposure, or duplicate copy. Unless we meant to delete 
copyrighted materials that should not have been filmed, you will find a 
good image of the page in the adjacent frame. 
3. When a map, drawing or chart, etc., is part of the material being photo­
graphed the photographer has followed a definite method in "sectioning" 
the material. It is customary to begin filming at the upper left hand comer 
of a large sheet and to continue from left to right in equal sections with 
small overlaps. If necessary, sectioning is continued again—beginning 
below the first row and continuing on until complete. 
4. For any illustrations that cannot be reproduced satisfactorily by 
xerography, photographic prints can be purchased at additional cost and 
tipped into your xerographic copy. Requests can be made to our 
Dissertations Customer Services Department. 
5. Some pages in any document may have indistinct print. In all cases we 
have filmed the best available copy. 
University 
Microfilms 
International 
300 N. ZEEB ROAD, ANN ARBOR, Ml 48106 
18 BEDFORD ROW, LONDON WC1R 4EJ, ENGLAND 
8012955 
CLARK, ETHEL ANN 
PHYSIOLOGICAL BASIS FOR TRANSGRESSIVE YIELDING IN BEAN-
MAIZE INTERCROPS 
Iowa State University PH.D. 1980 
University 
Microfilms 
I n t© r n St i 0 n â I 300 N. Zeeb Road, Ann Arbor. MI 48106 18 Bedford Row, London WCIR 4EJ. England 
Copyright 1980 
by 
Claris, Etiiel Ann 
All Rights Reserved 
Physiological basis for transgressive 
yielding In bean-maize Intercrops 
by 
Ethel Ann Clark 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of the 
Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Department: Agronomy 
Major: Crop Production and Physiology 
Approved: 
Charge of Major Work 
For the Major Department 
For the Graduate' College 
Iowa State University 
Ames, I owa 
1980 
Copyright © Ethel Ann Clark, I98O. All rights reserved. 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
i  i  
TABLE OF CONTENTS 
Page 
INTRODUCTION 1 
Social Aspects 3 
Agronomie Aspects 5 
LITERATURE REVIEW 12 
Introduction 12 
Objectives and Methods in the Study of Plant Interaction 16 
Indices of Competition and Productivity 20 
Analysis of Plant interaction - Resources 26 
The light resource 27 
Soil resources 31 
Analysis of Plant Interaction - Time 35 
Genotype by Environment Interaction 38 
Transgressive Yielding and Noncompetitive Interaction 42 
GENERAL MATERIALS AND METHODS 49 
Location 49 
Cultural Practices 49 
Genetic Material 60 
Plant Data Collection 60 
Measurement of Light Energy 61 
COMPARISON OF INDETERMINANT BUSH CULTIVARS 68 
Introduction 68 
Procedures 68 
Data col lection 71 
Results and Discussion 72 
Green harvests 74 
Bean responses to associated maize 74 
Magnitude effects 74 
Distribution effects 83 
Comparison of high and low yield groups 92 
Final harvest 95 
Bean responses to associated maize 95 
Comparison of high and low yield groups 104 
Summary IO8 
COMPARISON OF PRODUCTIVITY IN MONOCROPS AND INTERCROPS 
OF BEAN AND MAIZE 110 
Introduction 110 
Procedures 111 
Treatments 111 
Field operations 115 
Data collection 117 
Light measurement 117 
Plant measurement 118 
Results and Discussion 118 
Alternative hypotheses 119 
Productivity analyses, Type II bean cultivar 124 
Monoculture vs. associated systems 125 
Bean-favored vs. maize-favored systems 129 
Productivity analyses, Type IV cultivar 135 
Monoculture vs. associated systems 139 
Bean-favored vs. maize-favored systems I4l 
Summary 145 
PATTERNS OF RESOURCE USE 150 
Introduction 150 
Procedures 150 
Data collection 152 
i V 
Plant measurement 152 
Light measurement 153 
Nutrient measurement 154 
Results and Discussion 154 
Bean growth potential 155 
Numerical indices 155 
Numerical dynamics 159 
Type 11 cultivar 160 
Type IV cultivar 163 
Realization of bean growth potential 167 
Source activity 167 
Sink activity 172 
Sink dynamics 176 
Maize growth and yield responses to intercropped beans 178 
Light energy transmission 182 
Mineral nutrients 184 
Bean yield and yield-related parameters 206 
Summary and Conclusions 214 
SPATIAL DISTRIBUTION OF LEAF AREA AND YIELD 219 
Introduction 219 
Procedures 219 
Data collection 222 
Results 225 
Leaf area distribution 225 
Pod distribution 233 
Yield distribution 237 
Discussion 243 
Summary 245 
DISCUSSION 247 
Transgressive Yielding 247 
Bean-Maize Interactions 254 
V  
Leaf area display 255 
Life cycle duration 257 
SUMMARY 262 
LITERATURE CITED 267 
ACKNOWLEDGEMENTS 282 
APPENDIX 284 
V I  
LIST OF TABLES 
Page 
Table 1. Soil characteristics of the four experimental sites 52 
used at the C.I.A.T. station (Howeller, 1978) 
Table 2. Defining characteristics and optimum population 55 
densities (piants/ha) for bean growth habits 
at C.I.A.T. 
Table 3. Disease, insect and weed pests and chemical products 56 
used in their control at C.I.A.T. 
Table 4. Bean cultivars planted in the comparison among 69 
growth habits 
Table 5. Applications of micronutrients and urea during the 70 
establishment phase 
Table 6. Yield and yield-related parameters in Type II cultivars 73 
grown in monoculture and in association with maize 
Table 7a. Descriptive parameters measured at 47 days in Type II 75 
bean cultivars grown in monoculture and in 
association with maize 
Table 7b. Descriptive parameters measured at 62 days in Type II 77 
bean cultivars grown in monoculture and in 
association with maize 
Table 8a, Dry weight allocation (%) to leaf blades, structural 84 
components (petioles, branches and main stems) and 
pods, in Type II bean cultivars grown in monoculture 
and in association with maize, at 47 days 
Table 8b. Dry weight allocation {%) to leaf blades, structural 85 
components (petioles, branches and main stems) and 
pods in Type II bean cultivars grown in monoculture 
and in association with maize, at 62 days 
Table 9. Descriptive parameters measured at final harvest in 97 
Type II bean cultivars grown in monoculture and in 
association with maize 
Table 10. Proportional contribution of seed number and of 102 
individual seed weight to overall yield reduction in 
intercropped beans 
v i  i  
Table 11. Bean grain yields realized in monoculture and in 103 
association with maize, and yields predicted by 
equation 1 
Table 12. Comparison of the reductions in seed number and in 104 
bean cultivars in response to intercropping with 
maize 
Table 13. Summary of treatments in the comparison of productivity 116 
in monocrops and intercrops of bean and maize 
Table l4a. Comparisons among monocrops and intercrops of a Type 11 120 
bean cultivar and a brachytic maize, based on effi­
ciency of land use (LER), and on energy and protein 
yield 
Table l4b. Comparisons among monocrops and intercrops of a Type IV 122 
bean cultivar and a brachytic maize, based on effi­
ciency of land use (LER), and on energy and protein 
yield 
Table 15* Light energy transmission in monocrop and intercrop 123 
canopies of a Type II bean and a brachytic maize 
at 54 days 
Table 16. Comparison of average daily rates of accumulation of 128 
protein and energy in monocrops and intercrops of a 
Type II bean cultivar and a brachytic maize 
Table 17. Relative contribution of the Type II bean component 130 
to energy and protein yields in intercrops of 
bean and maize 
Table 18. Relation between energy and protein yields realized 132 
in bent and erect systems of a Type 11 bean and maize 
Table 19. Comparison of average daily rates of accumulation of 138 
protein and energy in monocrops and intercrops of a 
Type IV bean cultivar and a brachytic maize 
Table 20. Relative contribution of the Type IV bean component 142 
to energy and protein yields in intercrops of 
bean and maize 
Table 21. Relation between energy and protein yields realized 145 
in bent and erect systems of a Type IV bean and maize 
Table 22. Node, raceme and pod numbers at the time of maximal 160 
accumulation and at the last green harvest, in Type II 
and IV bean cultivars grown in monoculture and in 
association with maize 
v i i i  
Table 23. Absolute and relative gain in node number after the I65 
onset of pod growth in Type II and IV bean cultivars 
grown in monoculture and in association with maize 
Table 24. Total system nitrogen, phosphorous and potassium 202 
and total plant dry weight, in monocultures and 
associations of bean and maize, with time 
Table 25. Yield and yield-related parameters measured at final 207 
harvest in Type II and IV bean cultivars grown in 
monoculture and in association with maize 
Table 26. Nutrient concentrations in structural, podwall and 210 
seed tissues at final harvest in Type II and IV 
bean cultivars grown in monoculture and in 
association with maize 
Table 27. Nutrient accumulation in bean structural, podwall and 212 
seed tissues at final harvest in Type II and IV bean 
cultivars grown in monoculture and in association 
with maize 
Table 28. Distribution of nutrients among bean structural, 213 
podwall and seed components at final harvest in 
Type II and IV bean cultivars grown in monoculture 
and in association with maize 
Table 29. Bean and maize leaf area above 150 cm in the profile, 233 
in Type II and IV bean cultivars intercropped with 
row-planted maize, and in the maize monoculture 
Table 30 Bean leaf area located between 50 and 150 cm in the 235 
profile, in Type II and IV cultivars associated with 
row-pi anted maize 
Table 31. Vertical distribution of pods in Type II and IV bean 236 
cultivars associated with row-planted maize 
Table 32. Bean and maize grain yield and the distribution of bean 238 
grain yield In space 
Table 33. Nutrient uptake expressed as the proportion by which 252 
intercrop uptake exceeded that in the high-density 
monocrop maize 
Table 34. Orthogonal contrast matrices used in comparing bean 285 
performance in monoculture and associated systems, 
and between high and low yielding groups in each 
cultural system 
35. 
36 
37 
38, 
39 
40, 
41, 
42 
43 
44 
45 
46 
286 
287 
289 
291 
293 
295 
296 
297 
298 
299 
300 
301 
i x  
Orthogonal contrast matrices used in comparing growth 
and yield responses of Type II and IV bean cultivars 
grown in monoculture and in association with maize 
Numerical growth parameters evaluated at weekly 
intervals in Type II and IV cultivars grown in mono­
culture and in association with maize 
Bean leaf area parameters evaluated at weekly intervals 
in Type II and IV cultivars grown in monoculture and 
in association with maize 
Bean dry weight partitioning parameters evaluated at 
weekly intervals in Type II and IV cultivars grown 
in monoculture and in association with maize 
Maize leaf area and dry weight parameters measured at 
weekly intervals in monoculture at two populations 
and in association with Type II or IV bean cultivars 
Comparisons among maize, Suwan-1, grain yields realized 
in monoculture at two populations, and in association 
with Type II or IV bean cultivars 
Orthogonal contrast matrices used in comparing light 
transmission readings in Type II and IV bean cultivars 
grown in monoculture and in association with maize 
Partitioning of the treatment variance in light 
transmission according to the contrast matrices in 
Appendix Table 41 
Nitrogen concentration in blade, structural and pod 
tissues evaluated at weekly intervals in Type 11 
and IV bean cultivars grown in monoculture and 
in association with maize 
Phosphorous concentration in blade, structural and 
pod tissues evaluated at weekly intervals in Type II 
and IV bean cultivars grown in monoculture and in 
association with maize 
Potassium concentration in blade, structural and pod 
tissues evaluated at weekly intervals in Type II and 
IV bean cultivars grown in monoculture and in 
association with maize 
Nitrogen concentration in blade, stalk and repro­
ductive tissues evaluated at weekly intervals in maize, 
Suwan-1, grown in monoculture and in association with 
Type II or IV bean cultivars 
X  
Table 4?. Phosphorous concentration in blade, stalk and repro- 303 
ductive tissues evaluated at weekly intervals in maize, 
Suwan-1, grown in monoculture and in association with 
Type II or IV bean cultivars 
Table 48. Potassium concentration in blade, stalk and repro- 305 
ductive tissues evaluated at weekly intervals in maize, 
Suwan-1, grown in monoculture and In association with 
Type II or IV bean cultivars 
Table 49. Accumulated nitrogen in blade, structural and pod 307 
tissues evaluated at weekly intervals in Type 11 and 
IV bean cultivars grown in monoculture and in 
association with maize 
Table 50. Accumulated phosphorous in blade, structural and pod 309 
tissues evaluated at weekly Intervals in Type II and 
IV bean cultivars grown In monoculture and in 
association with maize 
Table 51- Accumulated potassium in blade, structural and pod 311 
tissues evaluated at weekly intervals in Type II and 
IV bean cultivars grown in monoculture and in 
association with maize 
Table 52. Accumulated nitrogen in blade, stalk and reproductive 313 
tissues evaluated at weekly intervals in maize, 
Suwan-1, grown in monoculture and in association with 
Type II or IV bean cultivars 
Table 53» Accumulated phosphorous in blade, stalk and reproductive 315 
tissues evaluated at weekly intervals in maize, 
Suwan-1, grown in monoculture and in association with 
Type II or IV bean cultivars 
Table 54. Accumulated potassium in blade, stalk and reproductive 317 
tissues evaluated at weekly intervals in maize, 
Suwan-1, grown in monoculture and in association with 
Type II or IV bean cultivars 
Table 55. Leaf area index and spatial variation in the dlstribu- 319 
tion of leaf area, evaluated at intervals during 
podfilling, by crop species 
Table 56. Spatial variation in specific leaf area of bean and 326 
maize, grown in monoculture and in association, evalu­
ated at Intervals during podfilling 
Table 57. Spatial variation In pod dry weight (PDW) and in pod 335 
number (PN), evaluated at Intervals during podfilling 
x i  
Table 58. Spatial variation in seeds per pod (SPP) and in 341 
average seed weight (SWT) in Type II and IV beans 
xi i 
LIST OF FIGURES 
Page 
Figure 1. Climatic data measured at C.I.A.T. during the 50 
experimental interval 
Figure 2. Absorption spectrum of the light-sensing paper 62 
(Papel Indhelios), measured directly through 
the paper, with a Beckman Model 25 spectrophotometer 
Figure 3- Transmission response of Kodak Wratten neutral 65 
density filters, measured on a Beckman Model 25 
spectrophotometer 
Figure 4. Representative, hand-fitted relation between light 67 
energy transmission and layers of light-sensing 
paper (Papel Indhelios) changed by the sun 
Figure 5. Relation between pod dry weights at the early and mid 80 
podfilling stages in monoculture and associated beans 
Figure 6. Relation between total dry weights at the early and 81 
mid podfilling stages in monoculture and 
associated beans 
Figure 7- Relation between pod dry weight and leaf area in 86 
monoculture and associated beans; a) at early 
podfilling, and b) at mid podfilling 
Figure 8. Relation between pod dry weight at mid podfilling and 88 
leaf area at early podfilling, in monoculture and 
associated beans 
Figure 9a. Relation between leaf area and total dry weight in 90 
monoculture and associated beans at early podfilling 
Figure 9b. Relation between leaf area and total dry weight In 9'1 
monoculture and associated beans at mid podfilling 
Figure 10. Negative relation between grain yield (kg/ha) and IO6 
branch-borne yield (%) In eight Type II bean 
cultivars grown a) in monoculture and b) In 
association with maize 
Figure 11. Anticipated bean yield response to modifications in 112 
maize canopy structure and population 
Figure 12. Open and Closed canopy structure configurations; 
a) Type II and b) Type IV treatments 
1 1 3  
xi i i 
Figure 13» Energy yields in monocrops and intercrops of a Type 133 
Il bean cultivar and a brachytic maize, ICA H-210, as 
affected by canopy structure, and by maize population, 
which increased within each canopy structure 
Figure 14. Protein yields in monocrops and intercrops of a Type 134 
II bean cultivar and a brachytic maize, ICA H-210, 
as affected by canopy structure, and by maize popula­
tion, which increased within each canopy structure 
Figure 15. Energy yields in monocrops and intercrops of a Type 146 
IV bean cultivar and a brachytic maize, ICA H-210, as 
affected by canopy structure, and by maize population, 
which increased within each canopy structure 
Figure 16. Protein yields in monocrops and intercrops of a Type 147 
IV bean cultivar and a brachytic maize, ICA H-210, 
as affected by canopy structure, and by maize popula­
tion, which increased within each canopy structure 
Figure 17. Accumulation and loss of nodes, racemes and pods 156 
with time, in a) Type II and b) Type IV bean cultivars, 
grown in monoculture and in association with maize 
Figure l8a. Rate of change in nodes, racemes and pods with time, 161 
in a Type I I cultivar grown in a) monoculture and 
b) association with maize 
Figure l8b. Rate of change in nodes, racemes and pods with time, 162 
in a Type"IV cultivar grown in a) monoculture and 
b) association with maize 
Figure 19. Bean leaf area index with time in a) Type 11 and 168 
b) Type IV bean cultivars grown in monoculture and 
in association with maize 
Figure 20. Estimated individual leaf size with time, in Type II 169 
and Type IV bean cultivars grown in monoculture 
and in association with maize 
Figure 21. Pod dry weight with time in a) Type II and b) Type IV 173 
bean cultivars grown in monoculture and in 
association with maize 
Figure 22. Bean leaf area index and pod dry weight in Type II 175 
and Type IV bean cultivars in monoculture 
Figure 23. Rate of change in pod dry weight evaluated at weekly 177 
intervals in a) Type II and b) Type IV bean cultivars, 
grown in monoculture and in association with maize 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
xîv 
Total and reproductive dry weight with time in 
maize grown in monoculture at 40,000 plants per 
hectare and in association with a Type II or a 
Type IV bean cultivar 
Light energy transmission at 105 and 135 cm above-
ground, measured between 50 and 75 days in beans 
and in maize grown in monoculture and in association 
Nitrogen concentration in blade and structural 
tissues in Type II and Type IV bean cultivars grown 
in monoculture 
Phosphorous concentration in blade and structural 
tissues in Type II and Type IV bean cultivars grown 
in monoculture 
Potassium concentration in blade and structural 
tissues in Type 11 and Type IV bean cultivars grown 
in monoculture 
Nitrogen, phosphorous and potassium concentrations In 
reproductive tissues in Type II and Type IV bean 
cultivars grown in monoculture 
Nitrogen concentration In blade and stalk tissues in 
maize grown in monoculture at 40,000 plants per hectare 
and at 55,000 plants per hectare, and in association 
with Type II or Type IV bean cultivars 
Phosphorous concentration in blade and stalk tissues 
In maize grown in monoculture at 40,000 plants per 
hectare and at 55,000 plants per hectare, and in 
association with Type II or Type IV bean cultivars 
Potassium concentration in blade and stalk tissues 
in maize grown In monoculture at 40,000 plants per 
hectare and at 55,000 plants per hectare and in 
association with Type II or Type IV bean cultivars 
Nitrogen accumulation and loss In blade, structural 
and reproductive tissues in a) Type II monoculture, 
b) Type IV monoculture, c) Type II associated and 
d) Type IV associated bean cultivars 
Phosphorous accumulation and loss in blade, structural 
and reproductive tissues in a) Type II monoculture, 
b) Type IV monoculture, c) Type II associated and 
d) Type IV associated bean cultivars 
X V  
Figure 35. Potassium accumulation and loss in blade, structural 196 
and reproductive tissues in a) Type II monoculture, 
b) Type IV monoculture, c) Type II associated and 
d) Type IV associated bean cultivars 
Figure 36. Total nitrogen in monoculture bean; monoculture 
maize; and in bean-maize intercrop treatments 
199 
Figure 37- Total phosphorous in monoculture bean; monoculture 200 
maize; and in bean-maize intercrop treatments 
Figure 38. Total potassium in monoculture bean; monoculture maize; 201 
and in bean-maize intercrop treatments 
Figure 39. Field alignment of the harvest boards, joined by 223 
dowling rods to divide the 1 m x 1 m x 2.5 m harvest 
volume into 18 cuboidal subsamples 
Figure 40. Spatial and temporal variation in specific leaf area 226 
of Type II and Type IV beans intercropped with row-
planted maize 
Figure 41. Spatial variation at 48 days in bean and maize leaf 227 
area in the a) Type II and b) Type IV intercrops, and 
in pod dry weight (PDW) in the c) Type II and d) Type 
IV intercrops; row-planted treatments only 
Figure 42. Spatial variation at 57 days in bean and maize leaf 228 
area in the a) Type II and b) Type IV intercrops, and 
in pod dry weight (PDW) in the c) Type II and d) Type 
IV intercrops; row-planted treatments only 
Figure 43. Spatial variation at 64 days in bean and maize leaf 229 
area in the a) Type II and b) Type IV intercrops, and 
in pod dry weight (PDW) in the c) Type II and d) Type 
IV intercrops; row-planted treatments only 
Figure 44. Spatial variation at 70 days in bean and maize leaf 230 
area in the a) Type II and b) Type IV intercrops, and 
in pod dry weight (PDW) in the c) Type II and d) Type 
IV intercrops; row-planted treatments only 
Figure 45. Bean LAI and percentage bean leaf area in the central 234 
zone, assessed at intervals during podfilling, in 
Type II and IV bean cultivars intercropped with 
row-planted maize 
Figure 46. Spatial variation at maturity in pod number and seed 241 
yield in a) Type II and b) Type IV beans, and in seeds 
per pod and average seed weight in c) Type II and d) 
Type IV beans, intercropped with row-planted maize 
X V I  
Figure k l .  Total leaf area index in Type II and Type IV 2 k S  
intercrops and in maize monocrops at 40,000 and at 
55,000 plants per hectare 
1  
INTRODUCTION 
Agricultural development has been marked by an intensification of 
cropping, of which cropping frequency is one index (Boserup, 1965). The 
trend of increasing cropping frequency, or decreasing fallow time, has 
progressed to the point where annual cropping is common in most temper­
ate regions today. In this system, fallow time has been reduced to a 
fraction of a year, and a single crop is produced each year. Multiple 
cropping, as defined by Andrews and Kassam (1976), is the growing of more 
than one crop on a given land area in a year and is the next logical step 
in the continuum of crop intensification (Boserup, 1965; Bunting, 1975; 
Litsinger and Moody, 1976). Intercropping, or associated cropping, is a 
form of multiple cropping that involves some degree of temporal overlap 
in the life cycles of the component crops and has been traditionally 
associated with low-input, small farm operations. The crop components 
are not usually planted simultaneously but sequentially, a practice 
which results in the coexistence of diverse crops, in varying stages of 
maturity, on the same land. 
Although the low productivity of intercropped systems has often been 
cited (Trenbath, 1976; Fisher, 1977b; Jennings and Cock, 1977), the role 
of small farm agriculture, and thus of intercropping, is critical in 
production of food for developing regions (Igbozurike, 1971; Willey, 
1979a). Okigbo (1975) noted that, in the humid tropics of Africa, over 
70% of the population is rural, with average farm size ranging from 0.1 
to 2 ha. Arnon (1972) reported that 98% of the cowpea (Vigna unguiculata 
(L.) Walp.) crop In Africa is grown in association with other crops. In 
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tropical America, domestic food crops such as maize (Zea mays L.), 
bean (Phaseolus sp.) and cassava (Manihot esculenta Crantz) are produced 
predominantly on farms of less than 10 ha with little or no external 
inputs to production (Pinchinat et al., 1976). in Colombia, 70% of the 
food consumed in the country and 85% of the bean production is derived 
from small farms (Pinchinat et al., 1976). Santa-Cecilia and Vieira 
(1978) reported that 70% of the bean (Phaseolus vulgaris L.) crop in 
Brasil is produced in associated systems, primarily with maize. Harwood 
and Price (1976) presented statistics on the distribution of farm size 
in southern, southeastern and eastern Asia, indicating average farm 
sizes of 2.4, 1.8 and 1.1 ha, respectively. 
Supporting his proposal to increase research on intercropping, 
Willey (1979a) aptly stated that the focus of this research strategy, and 
the one who would benefit from it, is the small farmer of limited means. 
Extending this idea. Cleave (1974) emphasized that a 5% yield increase 
achieved by 80% of the population of Nigeria would represent the same 
production as a yield doubling by 4% of the population, but would result 
in a more equitable distribution of the returns. Thus, research in inter­
cropping, an historically neglected area, is a powerful tool for increas­
ing crop productivity and food production without further widening the 
gap between the poor and the powerful, a common observation on the green 
revolution to date (Janzen, 1973; Dahlberg, 1979). 
Perceived advantages of intercropping may be grouped into two broad 
categories — social and agronomic. Although the social advantages are 
generally accepted, agronomic points are still the subject of some con­
troversy (Huxley and Maingu, 1978). Agronomic factors are the central 
3  
focus of my Literature Review, but social aspects merit consideration 
because they interact with the agronomic as well as exerting independent 
influences. It is recognized that social values would be perceived 
largely by subsistence farmers, whereas agronomic advantages would be 
independent of farm size. 
Social Aspects 
A primary value of intercropping is that it provides for a range 
of food and nonfood products to be available at various times during the 
year (Okigbo, 1975). Harwood and Price (1976) emphasized the Importance 
of diversity in food products, as derived through Intercropping, as 
determinants of dietary quality. The use of green or immature plant 
parts (seeds, pods, tender leaves and shoots, and tubers from legumes) 
as vegetables Is a common practice that can contribute substantial quan­
tities of protein, vitamins A and C, and the minerals calcium, iron and 
phosphorous to the diet (Rachle, 1978). 
Multiple uses of each crop also serve to disperse labor Input over 
time, to avoid storage and transport problems, and to minimize risks 
from environmental hazards. When yield is collected at short intervals 
rather than at the end of an entire season's growth, then risks from 
insects, diseases and the climate are lessened. 
Security or risk-minimization is generally regarded as a goal 
served by the use of intercropping (Andrews and Kassam, 1976; Crookston, 
1976). In on-farm studies of 124 families In northern Nigeria, Norman 
(1974) concluded that mixed cropping was consistent with the goal of 
security under prevailing conditions. However, he noted that fewer than 
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4% of the farmers perceived security as their primary reason for using 
intercropping methods. 
Harwood and Price (1976) contended that the concept of crop insur­
ance or yield stability from intercropping is unfounded. They observed 
that the yield stabilizing effect of compensatory growth by one component 
in response to a growth reduction in another (e.g., host-specific pest 
damage) could only occur if vegetative growth potential still existed 
in the undamaged crop. 
Using results from 20 agronomic trials conducted at C.I.A.T., 
Francis and Sanders (1978) demonstrated that the association of maize and 
climbing bean was almost always more profitable than either maize or bean 
in monoculture. Their analyses included foreseeable ranges of price 
ratios, and various assumptions about product costs and yield potentials. 
Including the environmental and economic limits faced by small farmers. 
On calculating several indices of the risk associated with each cropping 
system, they further concluded that the associated maize and bean 
system represented the most secure option available to the small farmer 
in Colombia. 
In developing countries, where unemployment and urban migration are 
large and growing problems (Turner, 1976), the high labor intensity of 
intercropping has the potential for absorbing and retaining labor in 
agriculture (Dickinson, 1972). The causes of abandonment of the farm for 
the life of the cities are many and complex. Nonetheless, increasing the 
productivity of intercropping could encourage the rural population to 
stay on the land, contributing to overall production as well as mini­
mizing the problem of unemployment in the cities (Cleave, 1974). 
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Agronomic Aspects 
Agriculture has been visualized as the process by which solar energy 
is converted into specific products — food, feed and fiber. This con­
version also represents a loss of entropy or randomness. Entropy is an 
abstraction, defined as the tendency toward randomness, inherent in all 
matter. Thus, the loss of entropy is synonymous with a gain in orderli­
ness and is dependent on the imposition of sufficient energy to overcome 
this natural tendency. 
From this perspective, the process of agricultural development may 
be regarded, starting with the simplest slash and burn pattern and pro­
ceeding to the most complex, modern-day prototype, as one of increasing 
orderliness or decreasing entropy. The increase in order has been 
achieved by the application of increasing amounts of energy (Pimentai 
et al., 1973; Heichel and Frink, 1975), which has been derived from 
physical labor (human, animal), from external, often petroleum-based 
sources (mechanization, chemical fertilizers and pesticides, irrigation) 
and from biological factors, including the use of improved genotypes 
(improved solar energy conversion) and the action of natural ecological 
processes (biological control of pests). 
Just as it is impossible to create something from nothing, it is 
impossible to increase crop productivity (increase order) without in­
creasing the energy investment required to counteract the trend toward 
entropy. However, the specific type of energy imposed toward this goal 
is not fixed, and various combinations of energy sources —work, external 
and biological — are possible. The particular balance chosen for a 
given agricultural system depends on the relative availability and cost 
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of each source and the prevailing agricultural traditions. 
A central thesis is that intercropping is inherently suited to 
exploit biologically-based energy inputs to support crop productivity. 
Conversely, it is contended that monoculture systems are intrinsically 
unsuited to respond to most biological energy sources, and instead, 
achieve high productivity primarily at the expense of external energy 
inputs. 
Diversity, both in time and in space, is the distinguishing charac­
teristic of intercropping. Highly location-specific variations on the 
general theme of diversity include: 
1. Crop complexity, ranging from a simple two species system, like 
maize and bean, to the multiple species complexes detailed by Okigbo 
and Greenland (1976), 
2. The overlap of component crops in time, as affected by planting 
dates and the length of the individual crop growth cycles, and 
3. The orientation of component crops in space, ranging from 
apparently random dispersal (Dickinson, 1972) to orderly alternating rows. 
This diversity supports intrinsic ecological and social advantages 
which have generally been overlooked in agricultural development programs 
based on monoculture strategies (Handler, 1970; Dickinson, 1972). Willey 
(1979a) observed that, until recently, intercropping was considered a ves-
tigal system which would Inevitably be replaced when more modern and pro­
ductive methods were made available. The widespread use of this cropping 
system today (Andrews and Kassam, 1976; Okigbo and Greenland, 1976; 
Willey, 1979a) and the apparent reluctance of a substantial proportion 
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of the world's farmers to adopt the new monoculture technology (Janzen, 
1973; Norman, 1974; Dahlberg, 1979) suggest that the advantages of inter­
cropping are real and worth investigation. 
A monoculture consists of like individuals, exhibiting like morph­
ological structures, exerting comparable types and magnitudes of resource 
demands at similar times, and responding uniformly to environmental fac­
tors. A mixed culture is, by definition, composed of unlike Individuals, 
potentially differing in one or more of the above attributes. Thus, 
the postulated advantages of Intercropped over monocropped systems must 
derive from this diversity. The central question, then, Is how do Inter­
actions between unlike individuals differ from those between like indi­
viduals, such that a mixed crop community could perform better than a 
monoc rop commun Ity ? 
Partial answer to this complex question may be drawn from an analogy 
to natural ecosystems. Diversity is a normal characteristic of most na­
tural ecosystems. In ecological succession, diversity tends to increase 
as the system matures, followed by a decline in diversity toward the 
climax (Odum, 1971). Increasing diversity has been visualized as a con­
comitant of niche differentiation, the process by which species assume 
Increasingly more limited and specialized functions. This specialization 
permits the generation of contiguous but nonoverlapping niches (Ares, 
1972) by which direct interspecific competition is minimized, enhancing 
species survival. 
Extending these concepts to agricultural ecosystems, Cause (1934) 
noted that species of very similar growth requirements tend not to co­
exist. Stated differently, species differing In their growth needs 
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are better suited to coexistence. Using statistical analyses of prox­
imity, based on physical contact, Turkington et al. (1977) demonstrated 
in four, old-pasture ( > 10 year) communities that no two legumes were 
positively associated, but that most were negatively associated. Similar­
ly, most grasses were negatively associated. However, each legume was 
positively associated with at least one grass species and no two legumes 
exhibited identical patterns of grass association. 
In addition to the clear, nitrogen-based relationship between legume 
and nonlegume, these data suggest a more subtle specificity between indi­
vidual grass and legume species. Variation among species in nutrient 
requirements (Smith, 1974 for potassium) or uptake abilities (Russell and 
Newbould, 1968; Troughton and Whittington, 1968), based on absorption, 
metabolic excretions and rooting volumes (Loneragan, 1978 for phospho­
rous), as well as rhizospheric interactions (Newman et al., 1977), could 
favor the formation of specific associations. 
In addition to plant interactions based on resource use, diversity 
appears to affect plant-pest relations as well (Farnworth and Golley, 
1974). Crop production systems are inherently open systems, susceptible 
to invasion by coevolving insect, disease and weed populations (Handler, 
1970). Pest populations, especially in the mild climate of the tropics, 
respond dynamically to the strong selection pressures exerted by the 
presentation of large tracts of monoculture substrate (Tatum, 1971; 
Barducci, 1972; Nickel, 1973). 
One approach to accommodating these tendencies is to diversify the 
cropping environment. In a detailed ecological analysis of the relation 
between crop diversity and insect stability, van Emden and Williams 
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(1974) concluded that spatial diversity, age-structure diversity, and 
species diversity — expressed as mixed cropping, plant resistance and 
biological control, respectively -- were appropriate strategies to mini­
mize insect damage in cropping systems. They emphasized, however, that 
imposition of carefully chosen diversity — "a little, powerful diver­
sity" — would be more functional than simply diversity per se. 
Examples of insect control by use of crop diversification are 
numerous, and have been recently summarized in a comprehensive review of 
integrated methods of insect control by Litsinger and Moody (1976). 
Specific case studies are cited by Spurr (1979) in commercial forests, 
Barducci (1972) in cotton (Gossypium hirsutum L.) in a Peruvian coastal 
valley, and Altieri et al. (1978) in bean-maize associations in Colombia. 
Duke (1978) indicated that biotic pests — insects, diseases and 
weeds — subtract billions of dollars worth of potentially harvestable 
crops each year. He noted that, in U.S. crops grown primarily for export 
(barley (Hordeum vulgare L.), maize, soybean (Glycine max (L.) Merr.), 
and wheat (Tritlcum aestivum L.), weeds accounted for larger yield losses 
than did either insects or diseases, and suggested that intercropping is 
one approach to minimizing weed losses. Jennings and Aquino (1968) and 
Jennings and Cock (1977) stressed that intercropping, especially with 
vegetatively vigorous land races, was well-suited to weed suppression and 
that crop improvement toward short stature varieties with higher harvest 
indices results in loss of competitive ability with weeds. 
Weed populations respond to selection pressures imposed by cropping 
intensity and management practices (Mahn and Helmecke, 1979). A trend 
toward hard-to-control grasses and sedges was observed by I.R.R.I. (1973) 
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under intensive tillage and high levels of chemical application. Con­
versely, intensive cropping on farmers' fields was associated with a few 
weed species, largely broadleaves. It was concluded that traditional 
systems exhibited an inherent weed control ability. 
Pavlychenko and Harrington (1934) noted that certain weeds were con­
sistently present in certain crops and not in others, again suggesting a 
tendency for association of compatible genotypes or exclusion of incom­
patible genotypes. These observations have been integrated into the con­
cept of "ecological combining ability", recognized by Hamblin et al. 
(1976) in their approach to selection of genotypes for performance in 
mixtures. 
These examples from natural and agricultural ecosystems support the 
contention that diversity confers a survival advantage to the component 
species (Harper, 1967). To the extent that survival reflects adaptation 
to the prevailing environment and efficiency of resource use, then inte­
gration of sound ecological principles into agroecosystems could confer 
these same advantages to crop production methods. In the tropics, the 
climate is more favorable, resulting in higher biological activity year 
around, and thus, the potential for incidence and buildup of pest resis­
tance is higher (Dickinson, 1972; Janzen, 1973; Farnworth and Golley, 
(1974). Therefore, implementation of systems supported by, instead of in 
opposition to, the stabilizing forces of ecological diversity is 
i ndi cated. 
Imposition of external energy alters this simple analogy, as mono-
crops and intercrops may vary in their responsiveness to additional energy 
inputs. The relative advantage of diverse or uniform cropping systems may 
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be location- or environment-specific. However, the inherent ecological 
fitness of diverse cropping systems, particularly if external energy 
sources become uncertain or limited, underscores the value of understand­
ing and using this diversity in contemporary cropping systems and in 
planning for the future. 
* * * 
Beans and maize are staple food crops in many parts of Latin America, 
where they are predominantly produced in intercropped systems. It is 
common 1 y observed that bean yields are reduced by the presence of the 
maize, although the maize itself is little affected. The objective of my 
research was to investigate the physiological bases for the depressive 
influence of the maize on bean yields, in the first experiment, bean 
growth and yield responses were quantified and compared in monoculture and 
in association with maize. I hypothesized that maize affected bean growth 
by competing for resources, in space and over time. These hypotheses 
were tested in the remaining three seasons. 
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LITERATURE REVIEW 
Introduction 
The partitioning of limiting resources among individual crop plants 
is a feature common to both monoculture and mixed culture systems. 
Clements et al. (1929) defined competition as beginning when "the imme­
diate supply of a single necessary factor falls below the combined de­
mands of the plants." Recognizing the various conflicting nuances of the 
term competition, Harper (1961) proposed the concept of interference to 
Indicate the "hardships which are caused by the proximity of neighbours". 
To avoid the negative connotations of the term interference, 
Trenbath and Harper (1973) favored the purposefully neutral term of 
"neighbour effects" to reflect a plant's responses to unidentified 
factors in the environment. Regardless of the term used, the phenomenon 
is the same — in a population of coexisting individuals, potentially 
exponential growth is curtailed by density-dependent limits on resource 
availability. Factors affecting the onset, magnitude and duration of these 
limits are the province of population biology, of which crop interaction 
Is one disciplIne. 
In quantifying plant interactions, especially among unlike individ­
uals, It is critical to distinguish density-dependent from density-
independent factors. Genotypes may differ in their responses to tempera­
ture or photoperlod, and thus, be dominant or dominated, independent of 
their Interactions with neighboring plants (Jennings and Aquino, 1968). 
However, density-dependent factors are those which vary directly with 
population density, such as light, nutrient and water availability. 
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Yield, which reflects density and, thus, competitive relations, is 
expressed on a land area basis. Yet, competition is a localized rather 
than a diffuse phenomenon (Mack and Harper, 1977) and results from changes 
in the immediate environment by the action of neighboring plants. Varia­
tion in interplant spacing at constant density appears to affect compe­
tition between unlike neighbors more than that between like neighbors 
(Huxley and Maingu, 1978). Thus, in a mixture of equal numbers of indi­
viduals of two Bromus species. Harper (I96I) noted that, whereas spatial 
arrangement of unlike neighbors had no effect on total yield, it markedly 
influenced the relative contributions of each species to yield. As an 
aid to the study of mixture interactions, a balanced hexagonal planting 
design, which can be used to achieve all combinations of from one to six, 
equidistant, unlike neighbors, was presented by Boffey and Veevers 
(1977). 
de Wit (i960) has visualized the plant resource mileau as "space", 
analogous to the ecological concept of niche space. From this perspec­
tive, competition is defined as the occupation of space or as crowding 
for space without attempting to designate specific limiting resources, 
de Wit (i960) stipulated that division of space into its component re­
sources was "not necessary, always inaccurate and therefore, inadvisable". 
A method for separating and quantifying the relative contributions of 
each component of the resource space to competition was developed by 
Hall (1974a,b). 
Hall (1974a) emphasized that interference could include both com­
petitive and noncompetitive interactions. If plants are competing for 
or occupying the same space, then the interaction Is termed mutually 
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exclusive and the type of interference is termed competitive. If, 
however, plants are occupying partially different space, such as when 
the components in a mixture have different nutrient requirements or 
exert resource demands at different times, then noncompetitive Inter­
ference is occurring (Hall, 1974a). This Is also termed complementary 
resource use or annldation (Ludwig, 1950, cited by Trenbath, 1976). 
in this case, the space that is available to the crop mixture may exceed 
that available to the monoculture and, to the extent that yield reflects 
the space occupied (Trenbath, 1976), the mixture yield can exceed the 
monoculture yield. 
McGllchrist and Trenbath (1971) contend that crop interactions In 
mixtures are predominantly of the competitive, or mutually exclusive, 
type. The dominant component yields more, and the dominated component 
yields proportionately less, on a per plant basis, than in the respective 
monocultures (Early and Qualset, 1971). The gains and losses balance 
such that overall mixture yield (M) does not vary markedly from the mid­
point yield (P) of the two pure cultures (P^ and Pg): 
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This type of response is consistent with the model of component compe­
tition for the same resources, or partitioning the same space. 
Mixture yields falling between the monoculture yields of the two or 
more components are termed nontransgress1ve, whereas those falling out­
side the range defined by the monoculture yields are termed 
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transgressive. In a study of biomass data from 572 mixtures, exclusive 
of legume-nonlegume combinations, Trenbath (1974a) concluded that in 
only a minority of cases did transgressive yielding occur. The 
frequency of transgressive yielding was so small that he was unable to 
determine whether it resulted from experimental error or from a real 
effect. 
Noncompetitive interactions have the potential for transgressive 
yielding, because more resources are available for exploitation than in 
monoculture. Nitrogen-based interactions in legume-nonlegume mixtures 
are considered to be noncompetitive because the nitrogen fixation 
capability of the legume effectively increases the space (nitrogen) 
available to the mixture. Therefore, legume-nonlegume mixtures not in­
frequently express transgressive yielding (de Wit et al., 1966; Willey 
and Osi ru, 1972). 
Plants may interact competitively for some components of space and 
noncompetitively for others. Further complicating interpretation of 
causes and effects are the proposed interactions between types of 
factors. Donald (1958) interpreted his data to show that yield depres­
sion resulting from competition for both light and nutrients exceeded 
the sum of the effects acting alone. Hall (1974a), however, questioned 
whether the effects were truly interactive or simply additive, as a 
light-limited plant would naturally be a smaller plant and have a corre­
spondingly smaller nutrient requirement. Thus, does lessened nutrient 
acquisition capacity reflect a cause or an effect of reduced shoot 
growth, and might it not reflect simple balancing of root and shoot 
functions? 
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Objectives and Methods in the Study of Plant Interaction 
Plant interaction is a phenomenon of interest to agronomists, 
physiologists, ecologists and geneticists. The diversity of methods 
employed in studying plant interaction reflects the different objectives 
of these disciplines. Agronomists who study the efficiency of resource 
utilization in yield formation use density, dates of planting and rates 
of fertilizer application to vary plant interaction, as measured by 
yield response curves (Donald, 1963; Willey and Heath, 1969). Additive 
models, in which the growth of a standard or indicator species is com­
pared in monoculture and with the addition of a set population of the 
test genotype, are employed in weed studies (Trenbath, 1974b), or where 
a simple ranking of the relative competitive abilities of species is 
required (Trenbath, 1975). 
Substitutive models are more appropriate to physiological studies 
oriented toward understanding plant interaction. The replacement series 
concept of de Wit (i960) is one example of this model. With overall 
population density constant, relative populations of the mixture compo­
nents are varied in a ratio determined by the optimum monoculture popu­
lations (Willey and Osiru, 1972; Hall, 1974a; Trenbath, 1975). The pri­
mary advantage of substitutive designs is that genuine neighbor effects 
are not confounded with variation in total population pressure, one 
problem with the additive model (Fisher, 1977b). 
Growth analytical methods are employed to assess the dynamics of 
plant interaction; specifically, how the intensity of competition varies 
with time. Jennings and Aquino (1968) stressed the need to analyze the 
growth of competitors prior to and at the beginning of competition, to 
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delineate those characters most associated with competitive ability. 
They noted that characters conferring a competitive advantage in early 
growth of rice (Oryza sativa L.), such as leaf length, height and vegeta­
tive vigor, could not be statistically related to competitiveness when 
measured in later growth stages. 
The negative relation between competitiveness and yield is of 
fundamental interest to geneticists and plant breeders (Hamblin, 1975). 
The yield performance of single plant selections was shown to be un­
related to the yield potential expressed in lines of barley, although 
F^ plant height and leaf length were positively correlated with F^ plant 
height and leaf length (Hamblin and Donald, 1974). Furthermore, plant 
height and leaf length were correlated with yield positively in the F^ 
and negatively in the Fg. The competitive characters which enabled the 
F^ plants to surpass their weaker neighbors were a liability when all of 
their neighbors were strong in the F^. in four grass species, Remison 
and Snaydon (1978) demonstrated that rooting aggressivity in mixture 
was unrelated to yield performance in monoculture. 
Furthermore, weakly competitive genotypes, which Donald (1968) has 
proposed are the most suitable for high yielding crop communities, are 
susceptible to rapid elimination from segregating populations. To off­
set the effect of competition in limiting progress in rice breeding, 
Jennings and Aquino (1968) suggested hand-roguing of all tall, leafy and 
vegetatively vigorous plants at several times during the growth cycle, 
to minimize interference and enhance survival of weakly competitive 
individuals. 
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Plasticity has the effect of conserving genotypes within a popula­
tion (Harper, 1961). The phenotypic plasticity elicited by competition 
complicates the partitioning of variance into genotypic and environmental 
components (Sakai, 1955)i especially when competition is itself respon­
sive to environment. However, the adaptability of the individuals in a 
population, termed "individual buffering" by Allard and Bradshaw (1964), 
functions to minimize the interaction of genotype by environment. Thus, 
it could be argued that conservation of genotypes expressing maximal 
ranges of phenotypic plasticity, while complicating selection procedures, 
would confer varietal stability across environments (Marshall and 
Brown, 1973). 
Selection of genotypes for mixed cropping includes the basic meth­
odological problems of monocrop breeding. An additional complication, 
however, is the need to select for compatibility in association with 
other genotypes. A procedure for selection of ecological combining 
ability, defined by identifying pairs of crosses having high yields but 
exerting minimal effects on each other, was outlined by Hamblin et al. 
(1976). Harper (1967) proposed that performance in mixture could better 
be achieved by selection in mixtures, rather than by mixing varieties 
selected in pure culture. He indicated that the biological character­
istics allowing positive interniching, or annidation, in a mixture would 
not likely exist in any random crop combination. 
The competition dial lei, in which all possible combinations of 
genotypes are grown in mixture, generates statistical problems which have 
been discussed by McGilchrist and Trenbath (1971). In their determinis­
tic model, including a term to quantify systematic differences between 
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the error variances of mixtures and monocultures resulted in better 
estimates of the parameters of the model. Systematic differences In the 
random error structures resulted from differences between the correla­
tions among like neighbors and among unlike neighbors. Therefore, to 
quantify Interspecific competition, an estimate of Intraspecif1c compe­
tition, as provided by the approach of Mead (1967), was needed. Mead 
computed Indices of intraspecifIc competition based on the correlation 
of individual plant weight with the weights of neighboring plants. 
Plant responses to competition range from plasticity to mortality 
(Harper, 1961). Competitive interactions and the ranges of phenotypic 
plasticity expressed by genotypes are factors In natural selection, de­
fining the types of species that can coexist (Turklngton et al., 1977) 
and leading to changes in species composition with time, as in pastures 
(Black, I960; O'Brien et al., 1967). Therefore, ecologists and evolu­
tionary biologists regard competition as one of the driving forces in 
ecological succession, speclation and ecosystem function. 
Competition, in an ecological sense, is studied more by Inference 
than by direct experimentation. Turklngton et al. (1977) quantified the 
frequencies of physical, interspecific contact in four, old-pasture 
communities and calculated correlations among species. From this infor­
mation, they drew inferences about species interaction and ecological 
combining ability. 
Physiological methods are being employed to complement and expand 
classical ecological approaches. Turltzin (1978) studied the effect of 
canopy structure on photosynthesis in two ecotypes of Bromus mol 1is (L.), 
In situ. In a California grassland. By using light response curves 
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obtained from greenhouse grown plants, he was able to generate a computer 
simulation model of canopy photosynthesis from which to compare light 
attenuation in the two ecotypes. 
Indices of Competition and Productivity 
indices of competitive ability are a central feature of all studies 
on plant interaction (Willey, 1979a). The indices proposed by the var­
ious authors are all based on the relationship between mixture and mono­
culture yields, and are distinguished by the manner in which they manip­
ulate these values to understand the system. 
Hamblin and Rowell (1975) were concerned with the loss of weakly 
competitive, potentially high yielding genotypes in segregating popula­
tions. The regression coefficient of the relationship between competi­
tive ab'lity and pure culture yield was used as an index of the propen­
sity for genotype loss. Competitive ability was defined simply as the 
yield in mixture less that in monoculture. If the regression coefficient 
was less than -1, the probability of loss was high and pedigree selection 
was warranted, whereas if greater than -I, bulk breeding was adequate. 
McGiIchriSt's aggress:vity index (1965) compares the relative 
aggressivities of two genotypes when the sown densities conform to a re­
placement series. It is based on the yield increases of the mixture com­
ponent genotypes relative to their respective monocultures. While suit­
able for designating which of the components is dominant, aggressivity 
indices do not indicate the presence or absence of a yield advantage 
(Willey, 1979a) for the mixture. 
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In the terminology of Donald (1963), each component in a mixture 
is assigned an equivalence factor. The equivalence factor is based on 
the ratio of like and unlike plant numbers permitting equivalent per 
plant yields in a given species. The equivalence factors for the com­
ponents are multiplied to form a competitive index, which is purported 
to indicate the relative advantage of mixtures and monocultures. How­
ever, Willey (1979a) noted that low accuracy and the obligation to grow 
a range of monocrop densities to calculate the equivalences are disad­
vantages of this approach. 
de Wit (i960) has generated a complex mathematical structure founded 
on the replacement series concept. Mathematical indices are used in the 
analysis of plant interaction, including the distinction of competitive 
from noncompetitive interference (Hall, 1974a). Within this structure, 
an activity coefficient, analogous to the coefficients of activity of 
molecules, is used to characterize genotypic performance in mixture rela­
tive to that at comparable densities in monoculture (Baeumer and de Wit, 
1968). The yield advantage of a mixture is calculated as the product of 
the activity coefficients of the component genotypes -- the relative 
crowding coefficient. While of considerable theoretical use in under­
standing crop interaction, the calculated advantage is not expressed in 
absolute units, such that the actual yield advantage is not readily 
apparent (Willey, 1979a). 
Productivity is expressed as units of product per unit of input. 
Products are typically biomass (O'Brien et al., 1967; Trenbath, 1974a), 
grain (Frey and Maldonado, 1967; Andrews, 1972; Willey and Osiru, 1972), 
energy (Beets, 1977; Santa-Cecilia and Vieira, 1978; Aidar, 1978), 
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protein (Beets, 1977; Santa-Cecilia and Vieira, 1978) or money (Andrews, 
1972; Hildebrand, 1976; Francis and Sanders, 1978), whereas input is 
commonly land (Huxley and Maingu, 1978), labor (Cleave, 1974; Norman, 
1974) or energy (Pimentai et al., 1973; Stanhlll, 1974; Heichel, 1976). 
The choice of an appropriate index for comparing the productivity 
of cropping systems must recognize the farmers' cropping needs (types 
of product desired) as well as relating returns to the most limiting 
input factors. If the components of the mixture are similar, as in 
multilines of a single crop species, to justify its use the mixture must 
yield more than the higher yielding component in monoculture (Trenbath, 
1974a). 
Diverse products may be needed, however, either for direct consump­
tion in a subsistence economy or for Insurance of income stability when 
crop prices fluctuate or for cases where the probability of individual 
crop failure is high (Wllley and Oslru, 1972). A mixture would be 
indicated if higher yields could be achieved in mixture than from grow­
ing separate plots of pure cultures over comparable land areas or 
employing comparable labor or energy inputs. Because land is often 
considered a primary limit to production, productivity comparisons are 
often expressed on a land area basis. 
When mixture densities conform to a replacement series, the mixture 
yield may be expressed as a Relative Yield Total (RYT; de Wit and 
van den Bergh, 1965). In a 1 : 1 mixture, 
RYT = (M,/p, + 
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where and are the mixed culture yields and and are the pure 
culture yields of components 1 and 2, respectively. If RYT = 1, then the 
mixture is nontransgressive and falls between the pure culture yields. 
A more commonly used, land-based productivity index is the land 
equivalent ratio (LER), which is identical to the RYT when the mixture 
densities constitute a replacement series. A primary advantage of the 
LER calculation is that it may be applied to any intercropped system with­
out restrictions on mixture densities. Obligatory requirements for both 
criteria are that monocultures and mixtures be grown at comparable levels 
of management and that the monoculture densities be optimal for maximum 
productivity at the given level of management. 
In the RYT, the stipulation that the mixture densities comprise a 
replacement series assures that a yield advantage will not arise from 
variation in planting density, which could occur if the monoculture den­
sities were not fully exploiting the environmental resources. Total pop­
ulation pressure is equivalent in all the systems of a replacement series 
(Trenbath, 1974a). However, Willey (1979a) observed that optimum popu­
lation pressure in a mixture may well be higher than in monoculture. 
This is most clearly shown in the data of Willey and Osiru (1972) and 
of Osiru and Willey (1972) under high levels of management. Although 
still valuable in understanding plant interaction in mixture, this would 
at least partially invalidate the use of the RYT in productivity compari­
sons. Accordingly, Huxley and Maingu (1978) have proposed that monocul­
tures and associations be compared at their respective, albeit different, 
optimum populations. 
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Labor îs not often used as the basis for comparison of mixed and 
monocrop productivity. Labor is generally inversely related to, and con­
founded with, external energy inputs (National Research Council, 1975), 
which tend to be more accessible to monocrop growers. In a study of 124 
farm families in northern Nigeria, Norman (1974) calculated that mix­
tures produced an average gross return per man hour some 15% lower than 
did monocultures. He noted, however, that labor was a limiting input 
to production only in June and July. Returns to labor during that inter­
val indicated a 20% advantage of mixtures over monocultures. 
Norman (1974) also observed that mixtures are commonly assumed to 
have intrinsic, labor saving characteristics, particularly in reducing 
weeding time (Bunting, 1975) and in managing several field operations 
at once. He emphasized, however, that the relevant issue was not labor 
per se but returns to labor. Labor invested in a mixed cropping system 
tends to be better dispersed over time than in a monocrop, easing con­
straints imposed by labor (Andrews, 1972). Norman (1974) found that the 
temporal flexibility of mixed cropping eased the concentration of labor 
during peak months, but did not eliminate it. 
Until recently, returns to energy investment were seldom considered 
as a basis for evaluating crop productivity, because energy was perceived 
as being of unlimited availability. The relatively recent recognition 
that energy supplies are, in fact, finite has stimulated interest in 
the efficiency of energy use, or returns to energy in agriculture 
(Pimentai et al., 1973). 
In agricultural development, the substitution of fossil fuel energy 
for human energy has permitted large gains in crop production. Energy 
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returns to human energy (labor) are many times higher in modern agricul­
ture than in primitive systems. Energy returns to total energy invest­
ment, however, have been progressively declining, with evidence that 
economic returns are showing similar trends (National Research Council, 
1975). 
In studies comparing modern day techniques with those in less ad­
vanced agricultural and primitive shepherding systems in Israel, Stanhill 
(1974) concluded that as agricultural production intensity and environ­
mental control increase, net energy returns decline, becoming negative in 
the case of present day Israel. Heichel and Frink (1975) noted an 
asymptotic relationship between maize grain yield (expressed as food 
energy) and cultural energy investment, defined as total energy expended 
in crop production. They have calculated that returns of 21 calories per 
calorie of input energy were realized prior to mechanization, whereas 
contemporary technology and maize cultivars return 4.4 calories per calo­
rie of input in the midwest. In California, where irrigation is obliga­
tory, only 2.2 calories are returned per calorie of input. 
Stanhill (1974) stated that, whereas productivity of irrigated land 
in Israel was twice that of agriculture as a whole, the energy balance 
2 
under Irrigation was negative (-143 kcal/m -yr) compared to the slightly 
2 
positive (66 kcal/m 'yr) balance in overall agriculture. In both the 
United States and Israel, irrigation costs contribute substantially to 
reducing energy gain in cropping, although in Israel, irrigation accounts 
for 39% of total energy Investment in agriculture compared to only 1% in 
U.S. agriculture. 
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Energy returns vary widely with geographic location, distribution 
of rainfall (the need for irrigation) and incident photosynthetic energy, 
as well as with the type of crop. Helchel (1976) calculated energy gains 
(output:input) in U.S. field crops under present levels of technology. 
The ratio declines from a high of 4 to 5 calories In sorghum (Sorghum 
biocolor (L.) Moench), sugarcane (Saccharum offlclnarum L.) and maize 
down to very low values in vegetables, such as cauliflower (Brassica 
oleracea L.) and tomatoes (Lycopersicum esculentum Mill.), which yield 
only 0.25 to 0.75 calorie per input calorie. 
The factor on which productivity Is based — land, labor or energy -
is generally the factor perceived as that most limiting to production. 
At one time, the amount of land a man could till, and the corresponding 
produce he could derive, was limited by his own labor. As that limit was 
overcome by the introduction of draft animals, and then by machinery and 
the existing input infrastructure, land was perceived as a primary limit 
to production. As the costs of the inputs to production rise, reflect­
ing tightening energy supplies, energy Is Increasingly perceived as 
the ultimate limit to production. 
Analysis of Plant Interaction - Resources 
Photosynthetic energy, mineral nutrients and water are resources sub 
ject to competitive interaction between plants. Donald (1961) distin­
guished competition for photosynthetic energy, which he termed an 
"instantaneously available" resource, from that for nutrients and water, 
which he visualized as being maintained within a differentially acces­
sible but permanent reservoir. The quantity of light falling on a given 
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area of land is finite, and is either absorbed and utilized or is lost. 
The supply of soil factors, however, may be replenished by rainfall or 
by ion exchange processes in the soil, or if depleted in a given stratum, 
is accessible through deeper or more lateral root extension. Competition 
for growth factors which differ physically and dynamically, thus, re­
quires different types of plant responses. 
The 1ight resource 
Leaves, rather than plants, are the vehicles of light competition. 
Therefore, morphological and physiological characteristics conferring an 
advantage in competition for light energy are, primarily, the rate of 
leaf surface expansion and the display and maintenance of leaf area 
(Black, I96O; Jennings and Aquino, I968). Plasticity in photosynthetic 
and respiratory activity, which has been demonstrated within and between 
genotypes (Bjorkman and Holmgren, 1963; Bunce et al., 1977; Louwerse and 
Zweerde, 1977), contributes to the efficiency with which intercepted 
light is used. The strong competitive and selective advantage derived 
from even a small increase in growth rate (Warren Wilson, I96O), partic­
ularly during early growth, may explain the manifold plant responses to 
light competition. 
Direct sunlight and diffuse skylight penetrate with different effi­
ciencies through a crop canopy. Direct beam light may be defined as 
emanating directly from the solar disk, whereas diffuse light and sky­
light radiation result from the scattering of direct beam radiation on 
passage through the atmosphere (Rosenberg, 1974). On a fully overcast 
day, all daylight is diffuse. 
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Trenbath (1976) cited indirect evidence suggesting that light 
interception by upper leaves is more complete when the light source is 
direct, when it comes from lower solar elevations or when the light flux 
density is low. A method for distinguishing and quantifying diffuse and 
direct beam radiation in a crop canopy was presented by Sheehy and Cook 
(1977). The penetration of diffuse light was assessed by calculating the 
percentage of total sky "seen" at a given point in the canopy, through 
gaps in the foliage. They concluded that above a critical LAI, which 
varied with species, diffuse light was more evenly distributed and sup­
ported more efficient CO^ assimilation than did direct beam light energy. 
Interception of light by a crop canopy differs from that by a single 
leaf due to the potential for self-shading from vertically superimposed 
leaves. As first emphasized by Monsi and Saeki (1953), and subsequently 
substantiated by others, leaf distribution in space, including the angu­
lar inclination of leaves, is a critical determinant of the pattern of 
light attenuation within the canopy. Lemeur and Blad (1974) have re­
viewed geometrical and statistical models of light interception within 
crop canopies. They distinguished four classes of statistical models, 
based on the type of leaf distribution assumed — random or Poisson, 
clumped, regular or closed mosaic, and variable -- each of which Is 
associated with specific characteristics of light distribution. 
In contemporary agriculture, the horizontal heterogeneity that 
arises from aligning plants in rows results in a tendency toward leaf 
clumping in many monocrop communities. Santhirasegaram and Black (1968a, 
b) quantified light penetration to undersown pasture species In a wheat 
cover crop. Their studies suggested that nonrandom leaf distribution in 
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the wheat crop caused systematic differences in light interception such 
that light availability to the undercrop increased with distance out from 
the drilled wheat row. In maize planted in an hexagonal (equidistant) 
pattern, Sinclair and Lemon (1974) observed light penetration patterns 
consistent with the Poisson model, implying a random distribution of 
maize leaves. Conversely, leaf clumping was consistent with the light 
interception pattern they observed in row-planted maize. Leaf clumping 
results in gaps between the leaves through which light is able to pene­
trate, increasing the frequency of high-energy contacts deeper within the 
canopy. 
Plant height is a factor in light competition, primarily because it 
affords flexibility in vertical leaf positioning (Donald, 1961; Trenbath, 
1976). Leaf length (Jennings and Aquino, 1968; Hamblin and Donald, 1974) 
and petiole length (Black, I960; Stern, 1965), as well as leaf inclina­
tion (Fukai and Loomis, 1976; Ledent and Moss, 1977) and phyllotaxy 
(Williams, 1975), are additional factors affecting leaf positioning in 
space and, thus, light competition. 
Turitzin (1978) stated that a community could be considered more 
light competitive if greater vertical extension and supportive growth 
were required of community members to avoid photosynthetic limitations. 
Plants and leaves respond to shading by extension growth of stem inter-
nodes (Trenbath, 1974a), leaf blades (Kamel, 1959; Jennings and Aquino, 
1968) and petioles (Clark, 1975). The adaptive value of this facility 
was demonstrated by Trenbath and Harper (1973) in mixtures of four 
species of Avena. When mixed with taller plants of ludoviciana Dur., 
the plants of A. sativa (L.) cv. 'Blenda' were 10 cm taller than in 
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monoculture. It was calculated that this additional stem extension 
allowed a gain of 20% in average weight per seed, over that which would 
have been realized by unelongated plants. The increased light intercep­
tion facilitated by the extension response, thus, gave A. sativa a cri­
tical advantage in competition in the succeeding generation -- heavier 
seed weight. 
The angle at which a leaf is borne relative to the sun determines 
not only the radiation it receives but also that which can penetrate to 
leaves lying deeper within the canopy, affecting transpiration as well as 
photosynthesis (Lemeur and Blad, 1974). As the leaves of many crop 
species are light-saturated at well below full sunlight, increasing leaf 
Inclination relative to the ground not only reduces the light flux den­
sity incident on the leaf but, by permitting deeper penetration into the 
canopy, increases efficiency of light use. Sakamoto and Shaw (1967) 
found that 90% of the photosynthetic energy incident on a closed soybean 
canopy was absorbed by the topmost layers of foliage. They suggested 
that selection of soybean cultivars with greater leaf Inclination could 
result In better distribution of light within the canopy and, thus, 
increase yield. 
The vertical and azimuthal orientations of leaves are not fixed but 
can respond to directional light. The phenomenon of heliotropism permits 
leaves to position themselves most favorably either to receive or avoid 
light, the latter under water stress conditions (Wien and Wallace, 1973). 
The relationship of leaf movement to yield is unclear although some ad­
vantage in crop growth rate In cotton was attributed to leaf movement in 
the simulation model of Fukal and Loom!s (1976). 
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Leaf angle is particularly critical in intercrop light competition 
when the competing crops differ in height. Warren Wilson (i960) con­
cluded that optimal canopy structure for interception of direct sunlight 
would include erect upper leaves and horizontal lower leaves, closely 
paralleling the actual structure of some intercrop canopies, including 
bean with maize. Computer simulation models, however, have found little 
biomass yield advantage from the theoretically plausible canopy configu­
ration (Trenbath, 1974a). 
Plasticity in dry weight partitioning and development, such as 
increasing the proportion of fixed carbon devoted to leaf surface expan­
sion (Kaplan and Kol1er, 1977; Potter and Jones, 1977; Wilhelm and 
Nelson, 1978), increasing the surface area derived from a unit of leaf 
weight — I.e., higher SLA (Meadley and Mllbourn, 1971) — and delaying 
leaf senescence (Kamel, 1959; Sprent and Bradford, 1977; Wahua and 
Miller, 1978a) also contribute to competitiveness In light interception. 
Sol 1 resources 
The acquisition of soil factors has been visualized as occurring In 
three phases (Fried and Shapiro, 1961), in which the available ions move 
into the root sorption zone, are actively taken up and then transloca­
ted. Active absorption brings root and nutrient Ions into contact by 
generating a concentration gradient, or zone of Influence, around the 
root, along which mobile ions, like nitrate, can move from a distance of 
up to several centimeters (Black, 1968). For weakly mobile (K^) or Im­
mobile ions (inorganic orthophosphate), however, the depletion zone is 
narrow and root extension rather than ion movement Is responsible for 
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bringing root and ion into proximity (Kurtz et al., 1952). Ion-specific, 
membrane-bound carriers actively transport the nutrient ions across the 
cell membrane and into the symplast (Leonard and Hotchkiss, 1976; Sze and 
Hodges, 1977), through which they can move to the vascular stele 
(Bidwell, 1974) and enter the translocation stream. 
Cultivar differences in patterns of nutrient accumulation have been 
demonstrated in cowpea (Adepetu and Akapa, 1977), dry beans (Haag et al., 
1978), maize (Nielson and Barber, 1978) and certain grass species 
(Remison and Snaydon, 1978). Variation in root surface extension (Raper 
and Barber, 1970a; Mitchell and Russell, 1971; Caradus, 1977; Evans, 
1977), ion-specificity and uptake activity (Kahn and Hanson, 1957; Raper 
and Barber, 1970b) and the proportion of absorbed nutrients translocated 
(Loneragan, 1978) contribute to observed genotypic differences in nutri­
ent accumulation. Troughton and Whittington (I968) and Haag et al. 
(1978) have emphasized that genotypic variability in root characters 
exists and can be exploited in cultivar improvement. 
Soil water is the medium in which mobile ions move, as well as be­
ing a necessary growth factor in itself. Soil water potential is not 
constant but varys with depth in the profile and with time, resulting from 
seasonal rainfall and evapotranspirational demand acting within the 
limits imposed by soil moisture reserves and soil texture. This hetero­
geneity of nutrient and water content in the soil profile acts as a direc­
tional influence, because roots tend to proliferate in moist (Russell and 
Newbould, 1968; Ares and Singh, 1974) and nutrient rich (Fitter, 1976) 
soil. Thus, plant and soil factors are mutually responsive, and plant 
competition for soil factors must reflect abiotic as well as biotic 
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influences. 
Root competitive ability is commonly associated with root weight 
and the partitioning of plant weight to roots. Aggressivity and root 
weight were related in the responses of Dactyl is glomerata (L.) ecotypes 
to temperature and competition variables (Eagles, 1972). Nour and 
Weibel (1978) associated drought tolerance in ten sorghum cultivars with 
heavier root weight, greater rooting volume and a higher root:shoot 
ratio. In four grass species, Remison and Snaydon (1978) observed 
strongest root competitiveness in the species with the largest root: 
shoot ratio. 
In soybean, however, zones of low root weight deep in the soil pro­
file were characterized by more effective depletion of soil water (Stone 
et al., 1976; Willatt and Taylor, 1978). Younger root age, lower rooting 
density and higher soil water content at lower depths contributed to 
this relationship. It was concluded that a small proportion of the root 
weight could be responsible for a large proportion of the water taken up. 
O'Donnell and Love (1970) compared root dry weight with the uptake of 
radioactive phosphorous as indices of root activity in Kentucky blue-
grass (Poa pratensis L.). They found that root weight overestimated 
activity in shallower soils while underestimating activity in the 
deeper soils. 
These findings emphasis the inadequacy of root weight alone as an 
index of root competitiveness. Hunt (1976) stated that total root up­
take activity is the product of root mass and specific root activity 
(uptake per unit of root mass), which varys with root age and history 
(Russell and Newbould, 1968). Temporal and spatial changes in the 
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physical soil environment, reflecting seasonal influences and rooting 
redundancy, also affect specific root activity. Other indices of root­
ing ability relate to the partitioning of root tissue to generate ab­
sorbing surface (Nye, I966; Troughton and Whittington, 1968; Raper and 
Barber, 1970a; Evans, 1977), the depth and volume of soil explored 
(Pavlychenko and Harrington, 1934; O'Brien et al., 1967; Ellern et al., 
I97O; Raper and Barber, 1970a), the rooting density (Baldwin et al., 
1972; Fitter, 1976) and root uptake activity (Raper and Barber, 1970b; 
Adepetu and Akapa, 1977). 
In comparisons among five grasses and three clovers (Tri folium sp.), 
Evans (1977) noted that root diameters were consistently larger and 
length:weight ratios were consistently lower in clovers than In grasses. 
He also found that the root systems of the grass species were all more 
finely branched, had longer root hairs and had a higher percentage of 
roots with root hairs than those of the legumes. Barber (1978) found 
that soybean had a maximum root length density (cm root length per cm 
soil surface) only one-fifth that of maize measured on the same plot area 
in an earlier year (Mengel and Barber, 1974). He also noted that, where­
as the proportion of maize roots In the 0-15 cm surface layer declined 
with time, that of soybeans was constant or increased. Maize and soybean 
were further distinguished by the timing of nutrient uptake, with that 
of maize being predominantly earlier and that of soybean being later in 
the season. 
Kahn and Hanson (1957) observed that grasses tend to accumulate more 
and less Ca^ than do legumes, and suggested that the commonly ob­
served decline in legume productivity in pastures over years 
(Blaser and Brady, 1950) could be attributed to low competitiveness for 
K . They demonstrated that low soybean efficiency in K accumulation was 
due to a higher K and lower V for uptake in soybean than in maize. 
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In a study reported by Henzell and Val lis (1977), Lotononi s 
bainesii, a legume, was shown to be weakly competitive for mineral nitro­
gen when grown with Pangola grass (Pigitaria decumbens Stent.). It was 
concluded that legumes are generally weakly competitive with grasses for 
soil nitrogen, contributing to the nitrogen-sparing effect previously 
mentioned. 
Willatt and Taylor (1978) found that water uptake rates per unit 
of root length In soybean, were higher than those published for maize 
and cotton. However, the longer root lengths of the other species would 
tend to compensate for this disadvantage (Evans, 1977). 
The above data suggest that the root systems of grasses exhibit 
characters which tend to confer, jointly, a competitive advantage over 
legumes. 
Analysis of Plant Interaction - Time 
In a crop community, the time at which individual plant growth Is 
constrained from a potentially exponential to a sigmoidal dry weight 
accumulation pattern critically influences resource partitioning among 
neighbors and, thus, yield potential (Harper, 1967). In a monocrop, the 
distribution of resources among neighbors depends on planting density and 
orientation (Harper, 1961) and on nonsystematic variation in seed size, 
time of emergence and seedling vigor (Black, 1957, I960; Litav and IstI, 
1974). In a crop mixture, neighboring plants are further distinguished 
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by genotypic differences in growth rate and morphology. Events occur­
ring early in growth may generate small differences between neighboring 
plants, differences which are amplified with time (Harper, 1961; 
Trenbath, 1976), and result in resource partitioning that is to some 
extent independent of later environmental factors. 
In subterranean clover (Tri folium subterraneum L.) communities. 
Stern (1965) observed an increase in the coefficients of variation in 
individual plant root and shoot weights with time, particularly with 
increasing density. After 27 days of growth, coefficients of variation 
in the high density planting (36 plants/dm ) were consistently higher 
than in the low density planting (4 plants/dm ). This would suggest 
that an amplification of earlier differences in resource acquisition, 
especially pronounced at higher densities, had occurred. 
In studies of weed suppression by cereal crop species, Pavlychenko 
and Harrington (1934) concluded that readiness and uniformity of germina­
tion in the cereals were essential to control weed growth. In pure 
culture comparisons, the crop species had the advantage at five days in 
root length, assimilatory surface and stomatal number per plant. Yet, 
by 21 days, the weed species greatly surpassed the crop species in these 
parameters. Thus, the balance of resource use by competing weeds and 
cereals in mixtures would be determined by events occurring early in 
seedling growth. 
Dominance in binary mixtures of ryegrass (Loiium sp.), meadow 
fescue (Festuca pratensis L.) and their triploid hybrid was associated 
with earlier root penetration to deeper soils (O'Brien et al., 1967). 
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The percentage P uptake by the hybrid at 60 cm was higher when mixed 
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with either parent than it was in monoculture. In mixtures with the 
O n  
hybrid, uptake of P at 60 cm was restricted In each parent, compared to 
that In monoculture, and the resulting root proliferation in shallower 
soil was unable to compensate adequately, leading to reduced top growth 
and suppression. 
The timing of interplant competition can determine the pattern of 
intraplant competition, or the partitioning of plant resources among 
vegetative and reproductive functions (Murneek, 1926; Bunting, 1975)-
This hypothesis is most clearly tested In grain crops where the compo­
nents of yield are sequentially generated. In an example cited by 
Donald (1961), variable plant density was used to vary the timing of 
competitive stress. At low densities, an excess of flowering primordia 
was established, which could not be sustained when competitive stress 
was imposed, leading to floral abortion, fewer seeds per pod and lower 
seed weight. Stress was earlier imposed In moderate densities, however, 
restricting early flowering such that a more tenable reproductive load 
was set, resulting In lower floral abortion and maximal levels of seeds 
per pod and seed weight. 
When shading was applied to vining peas (PIsum sativum L.) up until 
flowering time, floral abortion was minimized and yields approached 
those of peas grown in continuous sunlight (Meadley and Milbourn, 1971). 
Shading applied only from flowering onward, however, enhanced floral 
abortion and reduced yield to near that of peas shaded throughout growth. 
In both cases, a new balance was attained between reproductive demands 
and vegetative capacity In response to a change in the environment, 
analogous to a change in competition. 
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In contrasting oat (Avena sp.) responses to neighbors of the same or 
different species, Trenbath and Harper (1973) observed that hundred seed 
weight, which did not vary with density in monoculture, accounted almost 
entirely for observed differences in panicle weight of the components of 
crop mixtures. It was noted that light competition continued to act in 
favor of the taller mixture component due to heterogeneity among culti-
vars in internode elongation prior to flowering. Thus, height differ­
ences established at heading affected light interception during the seed 
filling interval and, consequently, modified hundred seed weight without 
affecting the other yield components. 
Genotype by Environment Interaction 
It has been demonstrated that interactions between unlike neigh­
bors can differ from those of like neighbors at both root and shoot 
levels, spatially as well as temporally. Therefore, the performance of a 
cultivar in monoculture may not be a valid indicator of its potential 
in mixture. 
In the context of breeding for performance in mixtures, the environ­
ment would include the cultural system as well as climatic and edaphic 
variables. A genotype by environment interaction (G x E), In which rela­
tive cultivar yield differed between cultural systems, would suggest 
that the factor(s) limiting cultivar yield in mixture differed, either in 
degree or in kind, from that limiting yield in monoculture. Detection of 
a G X E interaction would also depend on the range of adaptability re­
presented by the breeding materials Involved. If the cultivars were 
related or had been selected under similar conditions, then their 
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responses to mixed culture would be less varied than those of a more 
heterogeneous group. 
Francis et al. (1978c) reviewed the few published studies where 
cultural systems were compared in addressing the genotype by environ­
ment interaction. The data are conflicting, often reflecting positive 
but inconsistent correlations between cultivar yields in mixture and 
in monoculture. In their studies, bush bean performance in association 
with maize showed significant positive correlations with monoculture 
yields in three seasons at C.I.A.T. (r = 0.91 , 0.88 and 0.51 with 
9, 19 and 20 cultivars, respectively). Climbing bean yield correlations 
between monoculture and maize-associated systems were positive and sig­
nificant in two of the three seasons (r = 0.90 , 0.31 and 0.41 with 
9, 20 and 20 cultivars, respectively) (Francis et al., 1978b). 
The relative competitiveness of cultivars has been shown to vary 
with temperature (Eagles, 1972; Valentine and Barley, 1976), fertility 
(Remison and Snaydon, 1978), moisture (Fisher, 1977a) and density (Osiru 
and Willey, 1972; Remison, 1978). Thus, relative mixture performance in 
one environment or season may be a poor index of yield potential under 
other conditions (Hamblin, 1975). Francis (1980) discussed the contin­
uing problem of inconsistency of relative cultivar yields across seasons, 
both in monoculture and with associated systems. Strong seasonal in­
fluences complicate the selection process in breeding programs, and seem 
to be more prevalent in tropical environments. 
Freeman (1973) noted that use of the linear regression method of 
Eberhart and Russell (1966) to interpret the G x E interaction is inval­
idated if the linear regression does not account for most of the 
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interaction sum of squares. Nonlinear responses can occur if the geno­
types differ in more than one dimension or if the interaction involves 
more than one principal component (Freeman, 1973). He concluded that 
linear regression methods, if inappropriately applied, are an oversimpli­
fication of the response of genotype to environment and that multi­
variate techniques may be a useful alternative when the environments 
differ by more than one factor. 
Kambal and Mahmoud (1978) suggested that rainfall distribution and 
different maturity dates among cultivars contributed to the G x E inter­
action observed in sorghum cultivar trials in the Sudan. Rainfall dis­
tribution affected yield when drought coincided with the grain filling 
period or when heavy rains during flowering resulted in low light, 
poor pollination and high pest and disease incidence. Genetic variabil­
ity in responses to any of these factors would contribute to yield and, 
thus, to the apparent regression response to rainfall. Whereas a single 
climatic factor — rainfall — varied across environments, plant yield 
was an integrative response to the multiple, rainfall-induced changes in 
its growth environment. 
Grain yield and yield component responses of six cowpea cultivars 
were compared across six environments in Papua New Guinea (Erskine and 
Khan, 1977). Completely different rankings for yield stability were de­
rived from conventional linear regression methods and from Baker's param­
eter, an index which is unrelated to regression. They identified two 
factors, soil and rainfall, which varied among environments such that 
joint regression analysis was Inadequate to account for the G x E inter­
action for either yield or most of the yield components. They concluded 
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that under low levels of crop management, especially in tropical environ­
ments, seasonal and locational variation often includes more than one 
factor, which would limit the utility of linear regression methods in 
interpreting crop by environment interactions. 
Yield stability across environments has been visualized as an adap-
tational or buffering phenomenon (Allard and Bradshaw, 1964). In homo­
geneous or monoculture crops, stability is dependent on genotypic adap­
tation expressed at the individual plant level. In mixtures or hetero­
geneous populations, like multilines, individual plant adaptation can be 
supplemented by populational buffering, reflected in the different ranges 
of adaptation of the component genotypes. Theoretically, then, mixed 
cropping has the potential for enhanced yield stability across 
envi ronments. 
Marshall and Brown (1973) calculated that the stability of mixtures 
could exceed that of the more stable component monoculture under specific 
conditions which would elicit populational buffering. For populational 
buffering to contribute substantially to yield stability, the components 
would have to respond differently to environmental change, and the mix­
ture would have to be subject to local environmental variation. They 
concluded that these prerequisites would most likely be met in mixtures 
of newly domesticated crops or in marginal cropping systems where 
environmental control was inadequate to maintain stable cropping 
condi tions. 
Frey and Maldonado (1967) attributed the modest yield advantage of 
oat cultivar mixtures over monocultures to a staggering of the tempera-
ture-sensitive stages among genotypes. When the probability of 
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temperature stress was high, as in late plantings, a mixture of geno­
types differing in dates of temperature sensitivity reduced the potential 
for temperature damage. 
Studies cited by Trenbath (1974a) suggested a tendency for greater 
stability of grain yield in cultivar mixtures of soybeans and of cereals. 
Stability of biomass yield, however, tended to fall between those of the 
component monocultures. In summarizing the published reports, Trenbath 
(1974a) found no evidence that crop mixtures demonstrated greater intrin­
sic stability than did the more stable component monoculture. 
Transgressive Yielding and Noncompetitive Interaction 
One type of transgressive yielding is overyielding, which occurs 
when the mixture yield exceeds that of the higher yielding pure culture. 
Mechanisms by which this can occur have been reviewed by Trenbath (1974a) 
and Wi1 ley (1979a). 
Overyielding has been most closely associated with noncompetitive 
plant interaction, in which the components of the mixture are competing 
for partly different space (de Wit, I960). In this situation, the space 
available to the mixture is larger than that of either pure culture and, 
if fully exploited, can support overyielding (Willey, 1979a). In 
de Wit's terminology, time is one aspect of the "space" resource, such 
that noncompetitive interaction, and hence overyielding, can occur if 
mixture components do not exert resource demands at identical times — 
do not share the same space. 
Noncompetitive light interaction between components of a crop mix­
ture can support overyielding if light interception is incomplete in the 
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higher yielding monoculture for at least part of the growth cycle. The 
orientation of crop plants in rows enhances leaf clumping, which creates 
gaps through which light can penetrate (Lemeur and Blad, 1974). Even in 
a well-managed crop, incomplete light interception occurs during stand 
establishment and during grain filling, when leaf senescence is occurring. 
Watson (1952) cited earlier work which showed that the leaf area indices 
of several crops were high enough for full light interception during only 
a small portion of the year. In England, the LAI was less than 1.0 for 
75% of the winter wheat growth cycle and for 50% of the barley and potato 
(Solanum tuberosum L.) cycles. The potential for noncompetitive light 
interaction in crop mixtures arises directly from the incompleteness of 
light interception which is inherent in row-planted monocrops. 
Flexibility in time of planting is used to match the growing cycles 
of the mixture components to effectively exploit available light in yield 
formation. Simultaneous plantings can hasten the attainment of full 
cover during seedling establishment, whereas delayed planting of the 
second crop, of which relay cropping is the most extreme example, can 
compensate for leaf loss during grain filling of the first crop. Each of 
these approaches serves to increase the system leaf area duration (LAD), 
defined as the integral of the leaf area index over time. The LAD has 
been associated with yield in wheat (Weibank et al., 1966), sugar beet 
(Beta vulgaris L.) (Loach, 1970), groundnuts (Arachis hypogea L.) (Enyi, 
1977), beans (C.i.A.T., 1978) and other crops (Willey, 1979a). 
As a finite entity, light interception can increase only up to 100%. 
However, as suggested in The Light Resource section, the distribution of 
light within the canopy can profoundly affect canopy photosynthesis. It 
44 
was theorized, although not verified by a simulation model, that a mixed 
crop canopy could be more efficient in light interception and photosyn­
thesis than a monocrop canopy (Trenbath, 1974a). In binary intercrops of 
groundnut, maize, mung bean (Vigna radiata (L.) Wllczek), and sweet 
potato (ipomoea batatas (L.) Lamarck), light interception was higher and 
better distributed over the growing season than in the respective optimum 
monoculture populations (I.R.R.I., 1973). However, the bulk of the 
studies cited by Willey (1979a) suggest that Intercrop yield advantages 
are more related to temporal increases In light interception, through 
larger LAD's, than to improvements In light distribution within the 
profile. 
The best documented noncompetitive root interaction Is that between 
leguminous and nonlegumlnous crops (de Wit et al., 1966; Hall, 1974a; 
Henzell and Val lis, 1977). The ability of the legume to fix atmospheric 
nitrogen increases the supply of nitrogen, or space, available to the 
mixture. There is no evidence for direct transfer of microblally fixed 
nitrogen from the legume to the nonlegume in a mixture (Vallis et al., 
1967; Wahua and Miller, 1978b). The increase in nitrogen availability 
to the system is visualized as a nitrogen-sparing effect. During early 
growth, the legume is generally a weaker competitor for soil nitrogen 
than Is the nonlegume (Henzell and Vallis, 1977). Thus, the nonlegume 
has access to a disproportionately large portion of the soil nitrogen. 
When the legume begins to fix nitrogen, this further decreases its depen­
dence on soil nitrogen, which Is then increasingly more available to the 
nonlegume. Wahua and Miller (1978b) and Willey (1979a) hypothesized 
that depletion of soil nitrogen by an Intercropped cereal may stimulate 
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modulation and enhance fixation (Hinson, 1975; Criswell et al., 1976). 
Genetically based differences in rooting extension have the poten­
tial for minimizing interaction between competing root systems by posi­
tioning the roots in different soil volumes. Root stratification, thus, 
permits noncompetitive root interaction with the possibility of over-
yielding. Troughton and Whittington (1968) cited the early work of 
Weaver and associates that demonstrated a stratification of rooting 
volumes in the mixed grassland prairies of America. it was hypothesized 
that root layering minimized competition for nutrients and water. 
In interpreting the responses of mixtures of oat species, Trenbath 
(1975) theorized that variable soil depth in his treatment blocks inter­
fered with the expression of overyielding in a mixture of deep- and 
shallow-rooted genotypes. Ellern et al. (1970) tested this hypothesis 
and found that the root systems of the two species, A. fatua L. and 
A. strigosa Schreb. (a selected strain), did, in fact, exploit different 
soil volumes in mixture as well as in monoculture. Similarly, 
Whittington and O'Brien (1968) found that overyielding in forage grass 
mixtures occurred when the mixture components had different rooting 
patterns. They concluded that in a mixture of differently rooting cul-
tivars, experimental conditions restricting root growth could inhibit 
the expression of overyielding. 
Noncompetitive root interaction can occur in time as well as in 
space. The staggering of component nutrient demands in time, for ex­
ample, could support mixture overyielding. Willey (1979b) stressed that, 
when a yield advantage arises from changes in the time dimension, sup­
plementing the system in the spatial dimension, as by fertilizer and 
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irrigation, need not diminish the benefits of the mixture. If, however, 
the advantage of the mixture arises from more efficient exploitation in 
the spatial dimension, as from root stratification then Improved 
management can negate this advantage. 
Additional factors have been associated with overyielding in spe­
cific situations. Andrews (1972) found that yield advantages were higher 
in alternating single rows of a sorghum-millet intercrop than in alter­
nate double rows. Similarly, productivity increased as contact between 
intercropped maize and rice was increased at I.R.R.I (1973). Thus, the 
benefits of crop interaction seem to be related to the proximity of the 
plants of the component crops. 
When lodging limits yield in monoculture, an intercrop can over-
yield by reducing lodging in the susceptible crop. Maize lodging has 
been reduced by the presence of associated beans (Francis, 1978), as has 
that of barley by the presence of oats (de Wit, I960). Andrews (1972) 
found that, in an intercrop, neither the maize nor the millet lodged at 
total population pressures which would have caused lodging in pure 
culture. 
Mixture yield advantage is reportedly maximized when the component 
crops exhibit very different growth habits, such that intercrop compe­
tition is less than is intracrop competition, and per plant yield is 
enhanced (Whlttington and O'Brien, 1968; Andrews, 1972; Willey and Osiru, 
1972). 
In mixtures of forage grasses, Whlttington and O'Brien (1968) con­
cluded that greatest overyielding occurred when the clearly dominant 
component represented around two-thirds of the total population 
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pressure. As noted by Willey (1979b), competitiveness or aggressivity is 
not constant but varys with relative population density. Thus, the ba­
lance of resource use by the mixture components can vary independently 
of the planted populations. In dwarf sorghum-bean mixtures, crop domi­
nance varied with relative planting density (Osiru and Willey, 1972). 
Sorghum was dominant in the 2:1 crop mixture (sorghum-bean), and beans 
dominated in the 1:2 mixture. 
* A * 
I have reviewed in some detail the literature on plant interaction, 
emphasizing the reports published in recent years. The complexity of 
the subject of plant interaction is perhaps best revealed by the diver­
sity of the topics which I have discussed. 
Reports of overylelding by bean-maize intercrops are common. Docu­
mented overyielding by this crop mixture — a mixture which is still 
widely used in Latin America — may reflect suboptimal monocrop popula­
tion densities and poor management, as some have concluded, or may re- • 
fleet more efficient resource use by the intercrop than by the component 
monocrops. The physiological bases potentially supporting transgress!ve 
yielding in bean-maize intercrops are poorly understood and, to my knowl­
edge, have not been formally addressed. 
In the studies reported here, resource use and yield in intercrops 
and monocrops of bean and maize are evaluated under optimal growing 
conditions. Characters determining yield in monocrop and intercrop beans 
are compared, to evaluate the suitability of selecting beans in monocul­
ture for performance in association. The growth of Intercropped beans 
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of the indetermînant bush and climbing habits is contrasted to relate 
observed differences in their yield responses to spatial and temporal 
differences in their life cycles. 
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GENERAL MATERIALS AND METHODS 
Location 
The objectives of this study were addressed In four experiments 
conducted between July 1977 and December 1978 at the International Center 
for Tropical Agriculture (C.I.A.T.). The C.I.A.T. station is located 
near Palmira, In the Cauca Valley of Colombia (3° 31'N, 76° 19'W), at 
an altitude of 1000 m. 
The climate is bimodal, with rainfall maxima in the March to June 
and October to December months, and with a relatively constant year-
around temperature of 24 C (45 year average). Trends In rainfall, tem­
perature and solar radiation during the experimental interval are pre­
sented in Figure 1. 
The soil on the C.I.A.T. station is a fertile clay loam with spot 
deficiencies of boron and zinc. The soil characteristics of the four 
fields used In this experimental series are presented In Table 1. Al­
though beans do not respond to nitrogen, phosphorous or potassium on 
these soils, complete preplant fertilizers, as well as foliar sprays of 
micronutrlents and urea, were applied to compensate for soil heterogeneity 
within the fields. 
Cultural Practices 
Standard C.I.A.T. methodology for bean culture was employed in all 
four trials. Initial land preparation, including deep tillage, disking, 
rototllling and harrowing (as needed), and bedmaking, were managed with 
conventional tractor-drawn implements. All subsequent field work was done 
by hand. 
Figure 1. Climatic data measured at C.I.A.T. during the experi­
mental Interval; solar radiation and temperature are 
expressed as 3-day averages; solar radiation was 
quantified with a pyranometer (Lambda Instruments Corp., 
Model LI-200S) attached to an integrator (Lambda Instru­
ments Corp., Model LI-500); irrigations (15 mm each) are 
denoted by arrows 
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Table 1. Soil characteristics of the four experimental sites used at the C.I.A.T. station 
(Howe Her, 1978) 
SOIL CHARACTERISTICS 
Site 
I.D. O.M^ P': pH Ca'^ Mg^ Kd Na^^ CEC^ NaSat ®E.cf  B9 Znh Sand' Silt' Clay 
Exp. 1 
02- 3 4.3 51 6.7 13.2 13.1 0.62 0.48 26,5 1.8 0.58 0.59 2.6 1.1 42.0 56.9 
4 5.6 18 6.6 16.9 11.9 0.48 0.41 30.2 1.4 0.60 0.52 4.9 1.1 42.0 56.9 
9 5.2 58 6.6 14.7 12.1 0.72 0.24 27.2 0.9 0.74 0.87 2.8 1.1 42.0 56.9 
10 5.4 21 6.7 19.7 10.8 0.45 0.41 28.8 1.4 0.47 0.75 4.3 1.1 42.0 56.9 
15 5.4 81 6.8 18.4 11.4 0.82 0.20 27.6 0.7 0.93 0.96 2.7 2.8 45.8 51.4 
16 5.2 118 6.7 19.6 10.1 0.79 0.23 28.0 0.8 0.60 0.72 3.1 2.8 45.8 51.4 
Exp. 2 
02-27 3.3 49 7.9 15.3 9.6 0.45 0.19 25.8 0.7 0.64 0.66 3.9 1.2 47.3 51.5 
28 3.5 69 7.2 17.8 9.6 0.57 0.18 26.2 0.7 0.77 0.11 2.6 1.2 47.3 51.5 
33 3.9 32 6.6 17.0 10.6 0.54 0.18 28.2 0.7 0.51 0.76 3.7 1.2 47.3 51.5 
34 3.7 58 7.1 17.3 9.6 0.50 0.21 26.4 0.8 0.58 0.55 3.1 1.2 47.3 51.5 
Exp. 3 
02-28 
29 3.5 43 6.9 17.3 10.2 0.49 0.23 27.2 0.8 0.59 0.27 3.6 2.0 42.4 55.6 
34 
35 3.3 47 7.0 17.0 9.4 0.45 0.23 26.0 0.9 0.59 0.20 3.5 2.0 42.4 55.6 
Exp. 4 
S2- 4 4.7 67 7.3 17.8 14.9 1.06 0.17 31.8 0.5 1.15 0.55 2.1 7.1 35.7 57.2 
5 4.3 29 7.0 20.7 14.9 0.76 0.17 34.4 0.5 0.58 0.38 1.5 2.3 34.7 63.0 
6 3.3 29 7.0 21.3 13.5 0.68 0.21 33.0 0.6 0.65 0.77 1.3 2.3 34.7 63.0 
10 4.0 80 7.3 17.7 15.4 1.07 0.20 31.4 0.6 1.21 0.68 2.0 7.1 35.7 57.2 
11 4.2 29 7.0 20.7 16.0 0.86 0.23 35.2 0.6 0.87 0.94 1.9 2.3 34.7 63.0 
12 4.2 44 7.4 22.0 12.3 0.76 0.20 33.2 0.6 0.69 0.53 1.4 2.3 34.7 63.0 
^The C.I.A.T. station is divided into square lots, 3000 m on a side, as designated by the first 
two digits. Each 9 ha lot is subdivided into 36, 50 x 50 m squares, identified by the number after 
the hyphen. The data shown for each square represent a bulk of 10 subsamples, taken in a zig-zag 
fashion, to a depth of 20 cm. 
^Organic matter, %, analyzed by the Walkey-Black method. 
^Phosphorous, in yg/g, determined by the Brays No. I I method. 
'^Cations and cation exchange capacity (CEC), in meq/100 g soil, measured by extraction with 1 N 
ammonium acetate. 
®Sodium saturation, %. 
^Electrical conductivity, in mmhos/cm, measured in a saturated soil extract. 
®Boron, in yg/g, measured by extraction in hot water. 
^Zinc, in yg/g, measured by extraction with 0.05 N HCl and 0.025 N HgSO^. 
'Textural classes, %, determined with a Bouyoucos hydrometer, with the soil dispersed in water, 
hexametaphosphate and NaCO^. 
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Raised beds, 1 m apart on centers, were used in all studies. Two 
rows of beans or one row of maize occupied each bed, and when inter­
cropped, the maize row was planted between the bean rows. Preparatory to 
planting, two furrows, about 10 cm deep and 40 cm apart, were made in 
each bed. In the first three trials, a complete fertilizer (N, P and 
K) was mixed with a systemic carbofuran insecticide (Furadan) and then 
distributed into the furrows, after which the bean seed was laid down 
by hand, or with a Planet Junior mechanical planter, and the furrows 
were closed. In the fourth trial, the fertilizer was broadcast on the 
bed surface, shallowly incorporated with a rake, and the bean seed was 
planted with a Planet Junior without opening the furrows. 
Maize seed was simultaneously planted down the center of the bed, 
using a corn-jabber. Both bean and maize seed were treated with a 
thiram fungicide (Arasan) and in the fourth trial, with an additional 
terrazole fungicide (Terra-coat). 
Beans were overplanted by 60 to 100% and thinned at two or three 
weeks from planting to the optimum populations (Table 2). At the same 
time, the maize, which had been planted at two or three grains at cal­
culated intervals was thinned to the desired populations. Variations 
in population density were achieved by varying the within-row spacings. 
In monoculture, the Type IV cultivars were artificially supported 
to a height of from 1.8 to 2.5 m on a trellis structure of bamboo posts, 
wire and nylon twine. The supported height reflected the anticipated 
mature height of the associated maize cultivar in each trial. 
Weeds were controlled with a preemergence herbicide mixture of 
flurodifen and linuron (Preforan and Afalon, respectively), supplemented 
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Table 2. Defining characteristics and optimum population densities 
(plants/ha) for bean growth habits at C.I.A.T. 
GROWTH HABIT CHARACTERISTICS POPULATION® 
Type 1 Determinant: bush 240,000 
Type 11 Indeterminant: erect branching, bush 240,000 
Type 111 Indeterminant: prostrate branching, 
bush and semi-climbing 160,000 
Type IV Indeterminant: climbing 160,000 
^Optimum, both in monoculture and in association with maize at 
40,000 plants/ha. 
by hand weeding (Table 3). Chemical control of diseases and insects was 
rigorous, in accordance with standard C.I.A.T. cultural practices 
(Table 3). Using either a backpack sprayer unit or micronizer, chemi­
cals were applied 14, 7, 6 and 2 times during the four trials, respec­
tively. The first experiment was planted during the dry season and, 
thus, needed more protection from the more numerous pest problems. The 
fourth season planting did not contain alleys, so applications were im­
possible after 18 days. Pest problems consistently appearing in each 
season were Xanthomonas sp. (bacteriosis), Uromyces phaseolI (rust), 
Empoasca kraemeri (leafhoppers), Diabrotica balteata (Chrysomelids), 
Spodoptera frugiperda (cutworms) and He!iothis sp. (corn earworms). 
Furrow irrigation, amounting to roughly 15 mm per irrigation, was 
applied as needed to supplement the generally adequate rainfall (Fig. 1). 
After the first experiment, in which a sprinkler irrigation was applied 
after seeding, all plantings coincided with the onset of the rainy 
season. 
Table 3. Disease, insect and weed pests and chemical products used în their control at C.I.A.T. 
PROBLEM CAUSAL ORGANISM 
COMMERCIAL 
PRODUCT RATE GENERIC NAME CHEMICAL NAME 
ANGULAR LEAF Isarlopsis griseola Daconll 2 to 3 kg/ha chlorothaloni1 
SPOT Sacc. 
Ben late 600 g/ha benomyl 
Tetrachloroi sophthla-
nltrlle 
Methyl 1-(butyl carba­
moyl )-2-benzimIdazole-
carbamate 
ANTHRACNOSE ColletotrI chum 
1Indemuthlanum (Sacc. 
and Magn.)Scribner 
BACTERIOSIS 
Plantvax 1 kg/ha 
Derosal 1 kg/ha 
BEAN COMMON 
MOSAIC VIRUS 
(BCMV) 
Ben late 
Xanthomonas phaseolI Koccide 
(E.F. Sm.)Dows. 
Xanthomonas phaseolI var. 
fuscans (Burk.) Starr and Burkh. 
(see APHIDS) 
DAMPING OFF Pythium sp. Arasan 
(as above) 
1.5 kg/ha 
oxycarboxin 
carbendazim 
copper 
hydroxlde 
5 g/kg seed thiram 
Terra-coat 1.5 g/kg seed terrazole 
5,6-Dihydro-2-methyl-1, 
4-oxathIin-3"ca rboxan-
111de-4,4-dIoxIde 
2-(Methoxycarbony1 -
ami no)-benzimidazole 
Cupric hydroxide 
B i s(d i methy1thio-ca r-
bamoyl)disulfide 
5-Ethoxy-3-trichloro-
methyl-1,2,4-thi-
adiazole 
vn 
o\ 
Table 3 cont. 
PROBLEM 
RUST 
APHIDS 
CAUSAL ORGANISM 
Uromyces phaseoli 
(Reben)^int. 
Aphis gossypî î 
Glover 
Aphis medicaginis 
Koch 
COMMERCIAL 
PRODUCT 
Plantvax 
Derosal 
Ben late 
Pirlmor 
Dimacron 
Malathion 
CHRYSOMELIDS Diabrotica balteata 
LeConte 
Ceratoma facialis 
Sevin 
(Erichson) 
CORN EARWORM Heliothis virescens 
TfT) 
Heliothis zea (Boddie) 
Azodrin 
Lannate 
RATE GENERIC NAME CHEMICAL NAME 
(as above) 
(as above) 
(as above) 
1 1/ha 
2 kg/ha 
pi rimicarb 
phosphamidon 
malathion 
carbary 1 
5,6-Dimethyl-2-dimeth­
yl ami no-4-pyrimidi nyl 
d imethy1ca rbamate 
0,0-Dimethyl-0-(2-chlo-
ro-2-d i ethy1-ca rbamoy1 -
1-methyl-vinyl) 
phosphate 
0,0-Dimethyl S-(l,2-di-
carbethoxyethyl)phos-
phorodi thioate 
1-Naphthyl N-methyl-
carbamate 
VI 
1 1/ha 
600 g/ha 
monocrotophos 
methomyl 
0,0-Dimethy1-0-(2-meth-
y1carbamoy1-1-methy1-
vinyl)-phosphate 
S-Methy1-N-((methy1ca r-
bamoyl)oxy)thioacetimi-
date 
Table 3 cont. 
COMMERCIAL 
PROBLEM CAUSAL ORGANISM PRODUCT 
CORN EARWORM Thiodan 
cont. 
Dimecron 
CUTWORMS Spodoptera Dîpterex 
frugiperda (J.E. Smith) 
Furadan 
LEAFHOPPERS Empoasca kraemerî Azodrîn 
Ross and Moore 
Lannate 
Thiodan 
Parathion 
TARSONEMID Po1yphagota rsonemu s EIosai 
MITES latus Banks 
Sevin 
Azod r i n 
Thiodan 
RATE GENERIC NAME CHEMICAL NAME 
2 1/ha 
(as above) 
30 to AO 
kg/ha 
(as above) 
(as above) 
(as above) 
2 kg/ha 
(as above) 
(as above) 
(as above) 
endosulfan 6,7,8,9,10,10-Hexachlo-
ro-1,5,5a,6,9,9a-hexa-
hyd ro-6,9-methano-2,4, 
3-benzo(e)-dioxathiepin 
-3-oxide 
trichlorphon Dimethyl (2,2,2-tri-
chloro-l-hydroxyethyl) 
phosphonate 
carbofuran 2,3~Dihydro-2,2-dimeth-
y]-7~benzofuranyl meth­
yl carbamate 
methyl 0,0-Dimethyl-0-p-nitro-
parathion phenyl phosphorothioate 
wettable sulphur 
sulphur 
Table 3 cont. 
PROBLEM 
WHITEFLIES 
(vectors of 
VÎ ruses) 
CAUSAL ORGANISM 
Bemisia tabaci 
GlennadIus 
GOMMERI CAL 
PRODUCT 
Azod r i n 
WEEDS Preforan 
Afa 1on 
RATE GENERIC NAME CHEMICAL NAME 
(as above) 
7 1/ha fluorodifen p-Nitrophenyl a,a,a-
tri fluoro-2-ni tro-p-
tolyl ether 
1 kg/ha linuron N-(-3,A-dichloro-phe-
nyl)-N'-methoxy-N'-
methylurea 
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Genetic Material 
Four types of bean growth habit have been defined (Table 2). All 
four habits were represented in the first experiment, but comparisons 
of beans in the Type II and IV habits were emphasized in the remaining 
three studies. 
Plant Data Collection 
Bean responses to competition were assessed by harvests taken dur­
ing growth and at maturity. At harvest, the designated plants were cut 
off at the ground surface and placed in heavy plastic sacks, 90 x 110 cm, 
which were sealed and transported to the lab for processing. Green har­
vest samples were maintained within a cold room (4 C) until processed, 
generally within one to five days. Bags containing partially dry yield 
component samples were kept open and at air temperature, to avoid mois­
ture buildup and decomposition. 
In the first two trials, nodes, racemes and pods were counted for 
the main stem and the branches separately. It was, thus, necessary to 
separate the main stem from the branches, a major problem in the tightly 
intertwined climbing beans. In the first trial, the climbing beans were 
disentangled in the field. However, this process was damaging to all but 
the youngest plants and was very time consuming. In the remaining three 
trials, therefore, the harvest sample was cut directly out of the row, 
using scissors to make vertical, planar cuts in the vegetation, and the 
intact sample mass was taken to the lab for separating. 
Bean grain yield samples were harvested by pulling all the plants 
from the ground within the designated area. Care was taken to retrieve 
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any pods or seeds that fell to the ground. The harvested plants were 
placed in large jute sacks, which were sealed and left in the sun. When 
the beans were completely dry, the sacks were thoroughly beaten with 
sticks to break open the pods, after which the bean seed was manually 
separated from the dried stems and podwalls. 
In the third and fourth trials, maize plants were included in the 
green harvests. When their size exceeded that of the plastic bags, they 
were cut into manageable pieces and maintained in the same condition as 
the bean plants prior to processing. Maize was harvested for grain yield 
in the second, third and fourth trials. Ears were pulled by hand, and 
shelled with a hand-operated, crank-driven, sheller. 
All plant material, including bean and maize grain, was dried to 
constant weight in paper bags in a forced air oven at 75 C. Wet, bulky 
samples, such as chopped ears of green maize or bean pods, were placed in 
open trays to facilitate drying in the oven. Samples were kept in the 
oven for at least four days, after which they were allowed to cool and 
were weighed at ambient temperature. Grain yield was based on 14% mois­
ture for the beans and 16% for the maize. 
Measurement of Light Energy 
Light energy was measured in the second and third trials, using 
modifications of the methods of Friend (1961) and Francis (1970). The 
Ozalid paper recommended by Friend was unavailable in Colombia, so a sim­
ilar product was used (Papel Indhelios, Industrias Heliograficas, Ltd., 
Bogota, Colombia, S.A.). The absorption spectrum of the Indhelios 
product (Fig. 2), determined directly thrôugh the paper with a 
WAVELENGTH, nm 
Figure 2. Absorption spectrum of the light-sensing paper (Papel 
Indhelios), measured directly through the paper, with a 
Beckman Model 25 spectrophotometer 
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spectrophotometer (Beckman Model 25), shows a maximum at 385 nm, falling 
symmetrically on either side to near zero at 350 to 420 nm, respectively. 
This spectrum responds roughly to that reported for Ozalid paper (Francis, 
1970). 
In the second trial, the light sensing paper was exposed from within 
blackened plastic boxes (either 5 x 5 x 2.5 cm or 3 x 7 % 3 cm in size), 
fitted with foam rubber cushions which completely filled the interior. 
The paper was cut into 2 x 2 cm squares and stapled into multilayer 
packets which were inserted into the boxes opposite a 1 cm diameter, 
clear plastic window on the top. When the boxes were closed, the foam 
rubber acted to press the packet against the window, preventing lateral 
penetration of light between the layers of paper. The window was kept 
covered with black tape until the boxes were positioned in the field, 
after which the tape was removed. The packets were exposed to the light 
in this manner, for 24 hours on each measured date. 
The method of exposure was simplified in the third trial. Square 
holes, measuring 1.5 x 1.5 cm and 0.5 cm deep, were cut at 5 cm intervals 
along 2.5 cm wide strips of heavy cardboard. The strips were fastened 
to wooden bars, 2.5 x 2.5 cm square and 50 cm long. The stapled pack­
ets, 1.5 X 1.5 cm square, were then fitted snugly into the inset holes, 
and clear plastic was fastened around the entire bar to protect against 
rain. The bars were taken to the field in black cloth wrappings which 
were removed when the bars were in place. Exposure time was 24 hours. 
Preliminary testing indicated that there was no difference in the light 
transmission response of the paper between the two methods of exposure. 
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After exposure in the field, the packets were sealed within air­
tight containers and placed for several minutes in ammonia gas. With­
out exposure to light, the dye on the paper changed from yellow to deep, 
permanent blue in the presence of the gas. When previously exposed to 
light, however, the dye on the paper was chemically changed and no longer 
reacted with the ammonia gas. Thus, the layers of paper which had been 
fully or partially exposed to the light were white and partially white, 
respectively. The number of exposed layers was counted, including an 
estimated fraction of the first partially exposed layer after the last 
fully exposed layer. 
By exposing packets to light from within boxes which are filtered 
to transmit known percentages of light, standard curves can be generated 
which relate the number of layers of paper on which the dye has reacted, 
to the percentage transmission of light energy through the filters. 
Kodak Wratten neutral density filters (N.D. Filter No. 96, Eastman Kodak 
Co., Rochester, N.Y.) are calibrated to transmit a specified percentage 
of light, independent of wavelength, within the visible spectrum 
(Eastman Kodak, 1968). 
Within the 350 to 420 nm range, however, the filters are not neutral 
to wavelength, and transmit an increasing percentage of light as wave­
length increases (Fig. 3). Thus, to calculate an index of light trans­
mission for each filter, it was necessary to average over an absorption 
spectrum with increasing transmissibi1ity for increasing wavelengths 
(Fig. 3). 
I concluded that light transmission at maximum dye absorption, 
385 nm, would be a reliable index of light transmission over the 
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Figure 3- Transmission response of Kodak Wratten neutral density 
filters, measured on a Beckman Model 25 spectrophotometer 
66 
responsive range. Because the absorption spectrum was nearly symmetri­
cal around the maximum (Fig. 2), and light transmission increased lin­
early with wavelength over the action spectrum for each filter (Fig. 3), 
underestimation in the 385 to 420 nm range should be roughly equalled 
by overestimation in the 350 to 385 nm range. 
Standard transmission curves were constructed for each day on which 
light was measured, by using a range of ten filters, transmitting from 
0 to 11% of the 385 nm light energy. Four replicate boxes of each of the 
ten filters, and four clear boxes, were exposed to the sun over the same 
time interval as the treatment measurement boxes. The resulting data 
were handfitted to curves, with percentage transmission on a logrithmic 
axis. A representative standard curve is shown in Figure 4. 
At the beginning of the third experiment, it was discovered that the 
time interval between preparing the packets and exposing them to the 
light affected the responsiveness of the paper. Light consistently 
passed through more layers of paper when it was cut from the roll and 
exposed to the sun on the same day, than when it had been cut on the day 
before exposure. The aging effect increased with time between cutting 
and exposure, even though the packets were prepared in near darkness and 
were maintained within light-proof containers until used. 
As the interval between packet preparation and exposure had not been 
standardized in the second trial, some of the unexplained variability 
within treatments could have resulted from this aging effect. In the 
third trial, the paper was cut and exposed on the same day. 
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LAYERS OF PAPER, no 
Figure 4. Representative, hand-fitted relation between light energy 
transmission and layers of light-sensing paper (Papel 
Indhellos) changed by the sun 
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COMPARISON OF INDETERMINANT BUSH CULTIVARS 
Introduction 
This experiment was designed to compare the growth and developmental 
responses of bean cultivars to associated maize, emphasizing the differ­
ences arising from the bean growth habit. A central objective was the 
identification of strong and weak competitors within each growth habit 
for more intensive study in subsequent experiments. Using an anticipated 
interaction between bean genotype and cultural system, I hoped to identi­
fy bean cultivars having high yielding potential in monoculture, yet 
exhibiting variable responses to maize. In subsequent experiments, the 
selected cultivars could then be studied to contrast the factors associa­
ted with competitiveness in bean-bean and in bean-maize communities. 
Procedures 
Seed of 40 bean cultivars, 10 in each of the four growth habits 
(Table 4), was planted on 18 July 1977. Four replications of each 
cultivar were planted, both in monoculture and in association with maize, 
'ICA H-207', occupying a total land area of 1.2 ha. A split, split-plot 
design, with cultural systems as main plots, was used; growth habits were 
within cultural systems, and cultivars were within growth habits. Rows 
were oriented in an east-west direction in plots 3 m (beds) wide and 6 m 
long. The plots were planted side by side so that adjoining plots served 
as mutual borders. End borders were 1 m, and the outer bean row in each 
plot served as a lateral border, leaving an effective plot size of 8 m 
for sampling. 
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Table 4. Bean cultivars planted in the comparison among growth habits^ 
GROWTH GROWTH GROWTH GROWTH 
HABIT CULTIVAR HABIT CULTIVAR HABIT CULTIVAR HABIT CULTIVAR 
1 P141* 1 1 P17 111 P6 IV P259 
P152A P402 P123 P260C 
PI 76* P443A P263* P353 
P221* P488 P381A P355* 
P635* P516A P498 P364 
P692A P524 P499 P449A 
P788A P566 P506 P504A 
G07332* P643 P730* P525 
G07405" P675 P758 P526 
L20667* P756 G07148 P589 
^Cultivars discarded due to infection with BCMV are indicated as * . 
Soil nutrients were supplied as a preplant application of 20, 26 
and 16.5 kg/ha of N, P and K, respectively, and as foliar sprays of urea 
and micronutrients during the first 40 days (Table 5). 
The first irrigation was applied on 22 July (Day 1) and both the 
beans and maize were thinned to optimum populations (Table 2) on Day 14. 
All of the Type I cultivars, and several cultivars in each of the 
other habits, developed symptoms of bean common mosaic virus (BCMV) 
during early growth (Table 4). Entire plots of the affected plants were 
removed for disease control purposes, en masse, at 64 days, and the data 
previously collected from these cultivars were not included in the 
statistical analyses. 
Symptoms of "Problem X" (Schwartz et al., 1978) appeared at 39 days 
in all of the remaining bean cultivars. This condition, as yet undiag­
nosed, is characterized by reticular veination, deformation of the leaf 
margins and floral abortion in affected bean plants. Symptoms may 
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Table 5. Applications of micronutrients and urea during the establish­
ment phase 
DAY OF MICRONUTRIENTS 
APPLICATION Zinc: Urea^ Boron" 
1 5  X X X  
1 8  X X  
22 X 
28 X X 
36 X 
41 X 
^Applied as 1 kg/ha ZnS0^"7H20 (0.2 kg/ha Zn), In an 0.5% aequeous 
solution. 
'^Applied as 1 kg/ha urea (COfNH.ÏÏg (0.5 kg/ha N) in an 0.5% 
aequeous solution. 
^Applied as 0.6 kg/ha Solubor (Na_B.0_*5H„0 + Na.B 0 ,'10H_0) 
(O.l kg/ha B) In an 0.3% aequeous solution. 
diminish or worsen with time, depending on the bean cultivar and environ­
mental factors. Because the beans in this trial had been selected for 
tolerance to "Problem X", however, the symptoms were relatively minor 
and reproductive growth appeared normal. 
An Infestation of Heliothis sp. occurred between 60 and 70 days and 
repeated attempts at chemical control over the ten day interval were 
unsuccessful. Pod damage was more serious in the Type III and IV cul­
tiva rs, as pod growth was most active at this time in these later-
maturing beans. 
The maize cultivar, ICA H-207, which had attained a mature height of 
nearly 3 m, lodged severely at 73 days, after a tropical storm (Fig. 1). 
The degree of damage to the associated beans was variable, depending on 
the then current state of maturation of each cultivar. The associated 
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Type II beans had achieved physiological maturity at this time and were 
immediately harvested to avoid pod rotting. However, damage to the can­
opy structure and support system of the yet actively growing Type III 
and IV beans was substantial, and final yield performance of these cul-
tivars was confounded, reflecting both genetic variation in yield poten­
tial and the damage inflicted by the Heliothis and the maize lodging. 
Due to these confounding influences, only the data from the Type 
II cultivars, of which eight were not affected with BCMV, can be inter­
preted. As a consequence, the objectives of this experiment were only 
partly realized. 
Data col lection 
To assess competitive effects on plant growth, green harvests were 
made during the early and middle stages of podfilling (at 47 and 62 days, 
respectively). At each date, five plants were taken at random from each 
of three replications (the fourth was omitted to minimize labor invest­
ment in plant processing). Data recorded on each plant included the 
number of pods and of main stem nodes, the petiole length, the leaf area, 
and the partitioning of dry weight among blade, structural (stem, branch 
and petiole) and pod components. Pods were counted, based on a length of 
5 cm or longer, but all pods were included in the dry weight sample. 
2 
Final harvest data were derived from an undisturbed 4 m sample area, 
2 
of which 1 m was set aside for measurement of yield component parameters. 
In the component subsample, plants, nodes, racemes and pods were counted 
and dry weight was partitioned into structural, podwall and seed portions 
for both main stems and branches. Hundred seed weight was estimated from 
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100 seeds taken from the yield sample. 
Due to the maize lodging, the associated beans were all harvested 
at 76 days, whereas in monoculture, final harvests were delayed for up 
to 30 days. Attainment of harvest maturity in monoculture beans was 
apparently affected by the onset of the rainy season near the end of the 
trial (Fig. 1). The associated beans were near harvest maturity at the 
time of harvest. 
Results and Discussion 
Bean growth and yield were assessed to compare the factors related 
to bean competition and yield in monoculture and in association with 
maize. 
I intended to study competitive factors by exploiting a genotype by 
cultural system interaction. Because material from three of the four 
growth habits was lost, and the anticipated interaction did not mater­
ialize in the Type I I cultivars, this objective was addressed by dividing 
the Type II beans into two groups of four cultivars each, based on final 
yield performance. These groups will be referred to as the "high yield" 
and "low yield" groups. The same group designations were indicated by 
both the monoculture and associated bean yield rankings, although the 
yield ranks varied somewhat within each group (Table 6). Using parame­
ter values measured at the green and mature stages, these groups were 
then contrasted to select those parameters which accurately predicted 
yield potential in each system. 
The first objective was approached by contrasting bean performance 
in monoculture and in .association, for each cultivar individually, and 
Table 6. Yield and yield-related parameters in Type II cultivars grown in monoculture and in 
association with maize® 
CULTURAL^ 
LOW YIELD GROUP HI GH YIELD GROUP 
PARAMETER SYSTEM P402 P524 P643 P756 P17 P488 P675 P566 low high SE^ 
Yield, M 1262 1378 1637 1690 1786 1828 1847 1974 1492 AAA 1859 107 
kg/ha *** AA* AA;V *** AAA AAA AAA AAA AAA AAA 
14% A 550 558 428 531 652 698 756 824 517 AAA 733 
Bean M 21.8 16.3 14.3 17.3 19.3 14.0 16.8 26.8 17.0 19.3 1.9 
Population 
Density,2 A 22.5 17.8 19.3 16.8 19.5 17.0 21.3 28.0 19.0 22.0 
plants/m 
Yield^ 56.0 59.2 73.8 68.7 63.7 61.8 57.3 57.7 64.4 60.1 5.3 
Reduction, % 
Seed Color tan tan wh i te whi te brown black black black 
Significant differences between individual cultiver performances in the two cultural systems, 
between the high and low yield groups, and between the cultural systems within the high and low yield 
groups, are denoted by *, ** and *** (5, 1 and 0.1% levels of probability, respectively). 
Cultural systems are designated as M (Monoculture) and A (Association). 
''Standard error of the mean, from a combined analysis over both cultural systems, with 4 
replications and 44 error df. 
''calculated as (M-A)/M. 
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for the high and low yielding groups as well. It was of interest to 
assess the range of phenotypic variability expressed by the high and low 
yielding cultivars, as well as to quantify mean group responses to maize. 
The contrast matrices used in making these comparisons are shown 
in Appendix Table 34. 
Green harvests 
Bean responses to associated maize Maize exerted two distinct 
types of effects on bean growth. The first effect was one of magnitude, 
manifested in generally significant reductions in most indices of bean 
growth. The second maize effect resulted in changes in the distribution 
of resources within the bean plant, expressed as an acceleration of the 
natural trend toward increasing resource allocation to reproductive 
growth. This response was particularly apparent during early podfilling, 
although monoculture and associated beans did not differ in the date 
of flowering. 
Magnitude effects The depressive effect of maize on bean 
growth is evident in the descriptive parameters summarized in Tables 7a 
and 7b. At 47 days, blade, structural and total dry weights were signif­
icantly reduced in most cultivars and in both of the high and low yield 
groups. Pod numbers and pod dry weight, however, were higher in the 
associated cultivars, with significant differences expressed in the high 
yield group. Leaf areas were significantly lower in most associated cul­
tivars and in both yield groups. The number of main stem nodes was non-
significantly reduced in most associated cultivars, but petiole length 
did not appear to be responsive to the associated maize. 
Table 7a. Descriptive parameters measured at 47 
and in association with maize® 
LOW YIELD GROUP 
CULTURAL^ 
PARAMETER SYSTEM P402 P524 P643 P756 
Blade Dry M 5.8 7.3 8.6 6.7 
Weight, * AA* A 
g/plant A 2.7 4.7 3.0 3.8 
Structural M 5.9 8.2 10.2 6.6 
Dry Weight, A *** 
g/plant A 2.9 5.9 4.0 4.2 
Pod Dry M 0.36 0.09 0.17 2.0C 
Weight, 
g/plant A 0.71 0.33 0.36 2.1C 
Total Dry M 12.1 15.5 19.3 15.3 
Weight, * AAA A 
g/plant A 6.3 10.9 7.3 10.0 
Pod Number/ M 4.9 1.4 2.3 11.8 
plant 
A 6.6 3.9 3.7 10.2 
Leaf Areaf M 1956 2512 3234 2382 
cmr/plant * * AAA 
A 1065 2143 1342 1722 
days in Type II bean cultivars grown in monoculture 
HIGH YIELD GROUP 
P17 P488 P675 P566 ^low ^high seI 
6.2 6.6 
A 
6.8 
iik 
6.0 
îV 
7.1 6.4 
*** 
0.8 
3.2 4.1 3.3 3.0 3.6 3.4 
7.2 
A 
7.5 7.9 6.9 
* 
7.7 7.4 0.9 
3.9 5.5 4.1 3.7 4.3 4.3 
0.35 0.19 0.48 0.41 0.66 0.36 
îV 
0.2É 
0.91 0.83 0.82 0.76 0.88 0.83 
13.8 14.3 15.2 13.3 15.6 14.2 1.8 
A AA A AAA AAA 
8.0 10.4 8.2 7.5 8.6 8.5 
4.6 1.7 
AA 
4.3 3.3 5.1 * 3.5 
A 
0.9 
5.8 5.2 4.3 4.1 6.1 4.9 
2300 
"k 
2302 2410 1984 2521 
*** 
2249 297 
1314 1722 1369 1203 1568 1402 
Specific® M 337-5 346.1 378.0 356.6 368.6 347.2 353-0 331.7 354.0 350.0 
Leaf Area 
A 395.7 454.6 452.9 448.6 412.7 422.7 419-2 397-4 438.0 413.0 
Main Stem M 11.6 14.7 14.0 11.6 13.1 13-3 13-7 13.3 13-0 13-3 0.5 
Nodes/plant 
A 12.4 15.0 12-9 10.9 12.1 14.0 12.1 12.4 12.8 12.7 
Petiole^ M 16.5 20.0 20.3 19-0 19.0 18.1 18.1 16.9 19-3 18.5 0.8 
Length, cm * 
A 15.3 20.2 22.7 19.0 18.7 18.7 18.0 18.7 19.3 18.5 
defined in Table 6. 
"^Calculated as the product of blade dry weight per plant and the specific leaf area, 
e 2 
Calculated as cm leaf area/g blade dry weight, determined in one of the three replications. 
^Average of five petioles, taken at random from each of five plants in each of three replica­
tions. 
Table 7b. Descriptive parameters measured at 62 days in Type II bean cultîvars grown in monoculture 
and in association with maize^ 
LOW YIELD GROUP HIGH YIELD GROUP 
CULTURAL 
PARAMETER SYSTEM P402 P524 P643 P756 P17 P488 P675 P566 X, low ^high SE! 
Blade Dry M 4.8 6.3 8.6 5.8 5.2 5.5 6.1 5.8 6.4 5.7 1.0 
Weight, ft ftftft ftftft ftft ftftft ftftft ftftft 
g/plant A 0.9 3.3 1.8 0.5 1.0 1.4 1.3 0.8 1.6 1.1 
Structural M 8.2 12.1 14.9 8.3 9.3 10.7 10.4 10.3 10.9 10.2 1.2 
Dry Weight, Aft ftftft ftftft ftftft ftftft ftftft ftftft ftftft 
g/plant A 2.8 5.9 4.2 3.2 3.9 4.2 4.0 3.3 4.0 3.9 
Pod Dry M 5.3 5.2 8.1 18.1 10.6 10.0 11.3 11.6 9.2 10.9 1.4 
Weight, ft ftftft ftftft ftftft ftftft ftftft ftftft 
g/plant A 2.5 5.7 3.1 4.9 3.9 4.0 3.7 4.2 4.1 4.0 
Total Dry M 18.3 23.6 31.6 31.8 25.1 26.2 27.8 27.8 26.3 26.7 3.1 
Weight, ft ftftft ftftft ftftft ftftft ftftft ftftft ftftft 
g/plant A 6.2 15.0 9.0 8.6 8.9 9.5 8.9 8.3 9.7 8.9 
Pod Number/ M 14.7 14.6 27.2 28.3 19.6 17.1 15.9 15.9 21.2 * 17.1 2.6 
plant ft ftftft ftftft ftftft ftft ftft ftft ftftft ftftft 
A 5.9 12.2 7.9 8.8 5.6 5.6 5.0 4.4 8.7 5.2 
Leaf Areaf M 1569 2234 2836 1550 1717 1620 1940 1843 2047 1780 335 
cm^/plant ft ftftft ftft ft ftft ftft ftftft ftftft 
A 460 1550 805 0 536 669 634 389 704 557 
Specific® M 325.5 356.5 330.9 267.0 331.0 
Leaf Area 
A 500.1 463.5 455.3 0 518.0 
Main Stem M 11.7 16.9 17.4 12.2 14.9 
Nodes/plant "*-• * ** 
A 11.3 15.5 14.0 10.5 12.7 
Petiole^ M 16.5 20.8 22.2 19.4 19.4 
Length, cm 
cm A 15.2 21.2 23.1 20.5 18.7 
a,b,c,d,e,f 
As defined in Table 7a. 
295.4 319.9 316.3 
486.2 503.0 511.1 
14.1 15.3 15.0 
A* A A* 
13.3 12.6 12.7 
18.3 19.4 19.1 
18.0 18.2 17.3 
320.0 315.6 
472.9 504.6 
14.6 14.8 0.6 
AAA AAA 
12 .8  12 .8  
19.7 19.0 0.7 
20.0 *** 18.1 
00 
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By mid podfilling, the maize-induced reductions in blade, structural 
and total dry weight had become more pronounced. Reversing the earlier 
trend, pod number and dry weight in the associated beans were signif­
icantly lower in most cultivars and in both the high and low yield 
groups. Maize reduced bean leaf area significantly in all cultivars and 
in both yield groups, but petiole length was unaffected by the maize. 
Main stem node number was significantly lower than in the monoculture 
beans. 
Maize also affected the changes in these parameter values between 
the early and mid podfilling stages. In monoculture, pod number, main 
stem node number and all dry weight parameters increased between 47 and 
62 days, with the largest changes manifested in pod number and weight. 
Leaf area values declined moderately over the 15 day interval. Associ­
ated beans, however, registered a sharp decline in blade weight and leaf 
area, modest increases in pod number, structural and total weights, and 
an increase in pod dry weight. Main stem node number was unchanged. 
In monoculture, vegetative status was relatively stable between 
and 62 days, as indicated by the modest increase in main stem node 
number and the slight decline in leaf area which occurred between these 
two dates. The cessation of main stem node accumulation and the marked 
loss of leaf area in the associated beans over the same interval would 
imply a deteriorating vegetative status, consistent with a hastening of 
maturi ty. 
The patterns of change between 47 and 62 days, in pod dry weight and 
in total dry weight, are presented in Figures 5 and 6, respectively. Pod 
dry weight at 47 days did not show any predictive relation to that at 
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62 days. The greatest change in pod weight occurred in the monocul­
ture beans, specifically in those of the high yield group. The associa­
ted beans, which had achieved higher pod weights than the monoculture 
beans at 4? days, showed a lesser weight gain in the succeeding 15 days. 
A well-defined positive relation existed between total dry weight 
at 4? days and at 62 days over both cultural systems (Fig. 6, 
r = 0.51 ). Fitting the data from the two cultural systems separate­
ly, however, revealed that the relation between total dry weight at 47 
and 62 days was not well defined in either the association or monoculture 
(r^ = 0.34and 0.09 ns, respectively). The rate of change in weight 
between the two dates was roughly similar in both systems (b = 0.9 i 
0.3 g/g and 0.6 ± 0.4 g/g, respectively). 
If the bean cultivars are reconsidered as members of the high and 
low yield groups, independently of cultural systems, the resulting lines 
provide a better fit of the data (r = 0.65 and 0.47 for the high 
and low groups, respectively). The rate of change in weight in the high 
yield group, 2.5 ± 0.4 g/g, was larger (not significant) than in the low 
yield group, 1.4 ± 0.3 g/g, indicating that in the 47 to 62 day interval, 
high yielding cultivars tended to accumulate relatively more dry weight 
per unit of existing dry weight, than did the lower yielding cultivars, 
independent of cultural system. 
Although not statistically verifiable, these trends do suggest that 
differences were larger between high and low yielding cultivars than 
between monoculture and associated beans. At the least, it may be 
inferred that the maize effect on bean growth in association, differed 
only in magnitude from that exerted by neighboring bean plants in 
monoculture. 
Distribution effects At the early podfilling stage, mono­
culture and associated beans were distinguished by different patterns 
of resource allocation among the vegetative and reproductive functions 
(Tables 8a,b). Because percentage allocation to structural dry weight 
varied little among cultivars and between cultural systems, increases in 
percentage pod weight in the associated beans were balanced by correspon­
ding decreases in the percentage blade dry weight. In both the pod and 
blade dry weight percentages, differences between cultural systems were 
significant for most cultivars and for both high and low yield groups. 
Although partly compensated for by an increase in Specific Leaf 
Area (SLA) (Table 7a), lower dry weight allocations to blades resulted 
in lower leaf areas in the associated cultivars at days (Table 7a). 
Therefore, in conjunction with reductions in total dry weight, shifting 
the distribution of dry weight between blades and pods effectively 
altered the balance between reproductive demand and vegetative supply 
capacity in the associated beans (Fig. 7a). 
Associated cultivars expressed larger pod weight to leaf area ratios 
than those in the monoculture beans (Fig. 7a). Loss of leaf area and 
gains in pod weight are manifestations of the maturation process. The 
balance between sink and source in the associated beans at early pod-
filling would, thus, be similar to that of monoculture beans at a later 
stage of growth. 
In a nonlimiting environment, this acceleration in reproductive 
growth would effectively curtail subsequent vegetative growth and, thus, 
reduce yield potential. However, with the exception of P756, the largest 
Table 8a. Dry weight allocation (%) to leaf blades, structural components (petioles, branches and 
main stems) and pods, in Type II bean cultivars grown in monoculture and in association 
with maize? at 4? days 
U LOW YIELD GROUP HIGH YIELD GROUP 
CULTURAL - — 
PARAMETER SYSTEM P402 P524 P643 P756 P17 P488 P675 P566 low high SE^ 
Blades^ M 0.478 0.467 
JL 0.477 
0.451 0.452 0.466 0.453 0.453 0.468 0.456 0.012 
A 0.425 0.431 0.407 0.384 0.406 0.391 0.404 0.402 0.412 0.401 
Structural ^ M 0.494 0.528 0.517 0.445 0.524 0.522 0.520 0.517 0.496 A 0.521 0.016 
A 0.461 0.539 0.544 0.418 0.495 0.527 0.508 0.495 0.490 0.506 
Pods^ M 0.028 0.005 0.005 0.104 0.024 0.011 0.027 0.024 0.036 0.022 0.019 
A *  •kick ** A  A  A *  A A A  A A A  
A 0.114 0.031 0.048 0.198 0.098 0.082 0.088 0.102 0.098 0.093 
defined in Table 7a. 
^Dry weight, % of total. 
Table 8b. Dry weight allocation (%) to leaf blades, structural components (petioles, branches and 
main stems) and pods, in Type II bean cultîvars grown in monoculture and in association 
with maizef at 62 days 
CULTURAL^ 
SYSTEM 
LOW YIELD GROUP HIGH Yll ELD GROUP 
PARAMETER P402 P524 P643 P756 PI7 P488 P675 P566 *1ow *high SEC 
Blades^ M 0.262 0.255 0.266 0.184 0.198 0.200 0.208 0.209 
•h 
0.242 0.204 0.033 
A 0.147 0.196 0.192 0.054 0.105 0.125 0.133 0.087 0.147 0.113 
Structural ^  M 
A 
0.466 
0.446 
0.534 
A* 
0.415 
0.486 
0.465 
0.284 
* 
0.383 
0.386 
0.428 
0.412 
0.449 
0.375 
* 
0.454 
0.374 
0.407 
0.443 
0.427 
** 0.387 
* 
0.434 
0.027 
Pods^ M 
A 
0.271 
* 
0.407 
0.210 
** 
0.389 
0.248 
0.342 
0.532 
0.563 
0.416 
0.466 
0.388 
0.425 
0.417 
0.413 
0.417 
0.506 
0.315 
*** 
0.425 
** 0.409 
0.452 
0.041 
defined in Table 7a. 
^^ry weight, % of total. 
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Figure 7. Relation between pod dry weight and leaf area in monoculture ( # , O ) and associated 
( ^  , A ) beans; a) at early podfilling, and b) at mid podfilling (Cultivars in the 
high and low yield groups are distinguished by closed and open symbols, respectively) 
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sink:source ratios, presumably representing the most mature beans, were 
observed in the high yielding, associated cultivars. The early enhance­
ment of reproductive growth may, thus, be a useful selection criterion, 
representing an appropriate adaptation to the growth limits imposed by 
the maize. 
At 62 days, the relation between pod weight and leaf area had be­
come less clear (Fig. 7b). At this time, the form of the relation for 
each cultivar would depend on the sink:source balance initially estab­
lished (Fig. 7a), and also on the time elapsed since the onset of repro­
ductive growth, since leaf loss is related to the product of pod demand 
and the duration of pod growth. 
In the associated beans, pod weight at mid podfilling was independent 
2 
of leaf area existing at that time (r =0.13 ns) even though leaf area 
2 
varied between 0 and 1600 cm /plant among cultivars. Although pod dry 
weight may have been causally related to leaf area at an earlier time, 
by mid podfilling the pattern was obscured by variation among cultivars 
in rates of leaf loss and podfilling. In the high yielding monoculture 
beans, pod weight was positively related to leaf area, whereas, the low 
yielding beans had attained apparently unrelated sink:source ratios. 
The functional relation between pod dry weight and leaf area may be 
clarified by considering pod weight realized at 62 days versus leaf area 
or source potential existing at 47 days (Fig. 8). With the exception of 
the monoculture P756, two distinct trends are evident. The associated 
beans and the low yielding monoculture beans were characterized by a 
relatively constant ratio of roughly 2.6 g pod weight:1000 cm leaf area, 
indicating that within this group, a unit of leaf area was equally 
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Figure 8. Relation between pod dry weight at mid podfilling and leaf 
area at early podfilling, in monoculture ( • , O ) and 
associated ( Â , A ) beans (Cultivars in the high and low 
yield groups are distinguished by closed ana open symbols, 
respectively) 
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effective in producing a unit of pod weight. Tlie high yielding mono­
culture beans, however, were clustered around an average ratio of 4.9 g 
2 
pod weight:1000 cm leaf area, nearly double that of the other group. 
Pod weight at mid podfilling may not be causally related to leaf 
area existing at the beginning of podfilling. Variation among cultivars 
in dry weight partitioning to pods or in light attenuation within the 
canopy could have contributed to the trends presented in Figure 8. 
These data do suggest, however, a certain homology between the responses 
of beans to competition in monoculture and in associated communities. 
The factors causing low yielding monoculture beans to achieve a lower 
sink-source ratio may parallel those effecting the lower ratio in 
associated beans. 
In Figure 6, it was shown that total dry weight at 62 days was 
roughly proportional to the total dry weight existing at 47 days, inde­
pendent of cultural system. The contention that, in terms of dry weight 
accumulation, bean competition with maize does not differ fundamentally 
from that with beans, is further supported by the relation between leaf 
area and total dry weight at 47 days (Fig. 9a). The relation between leaf 
area and total dry weight was nearly constant, averaging 166 cm /g, over 
all cultivars, and independent of cultural system. This indicates that 
when reproductive growth was just beginning, photosynthetic potential, 
of which leaf area is one index, bore a constant relation to total dry 
weight in all cultivars, both in monoculture and in association. 
This observation is strengthened by the relation between leaf area 
and total dry weight at mid podfilling (Fig. 9b). The high and low 
yielding cultivars responded differently to pod demands exerted between 
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the first and second harvest. Nonetheless, with the exception of P756, 
the ratio of leaf area to total dry weight was relatively uniform with-
in each yield group, averaging 89.5 cm /g total dry weight in the low 
2 2 
yielding cultivars (r = 0.85 ) and 64 cm /g total dry weight in the 
high yield group (r^ = 0.92 *). The same relationships applied to both 
monoculture and associated beans, implying that differences between high 
and low yield cultivars were of greater magnitude than those between 
monoculture and associated beans. 
Taken jointly, the trends presented in Figures 6, 8, 9a and 9b are 
consistent with the hypothesis that bean and maize effects on bean dry 
matter accumulation are not fundamentally different. Whether the parti­
tioning effects are independent of total dry weight, or are a result of 
the diminution in size, cannot be determined in these analyses. 
Comparison of high and low yield groups Phenotypic variability 
was expressed in all growth parameters in both cultural systems (Tables 
7a,b). However, responses observed in the high yield group showed very 
little variation among cultivars in any measured parameter. Further­
more, when sink and source parameters were interrelated (Figs. 7a,b, 8 
and 9a,b), cultivars of the high yield group were consistently clustered 
together. This homogeneity in the growth responses of the high yield 
cultivars contrasted markedly with the nonsystematic variation observed 
among the low yielding beans. These trends suggest that the factors 
conferring high yielding ability may be common to all four cultivars of 
the high yield group. Conversely, the four cultivars which yielded poor­
ly, did so for different reasons. Their inability to achieve high yields 
was attributable to diverse factors relating, perhaps centrally, to the 
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balance between sink and source activities. 
Furthermore, the parameter values of the high yielding cultivars 
were neither consistently higher nor lower than the range expressed by 
the low yielding cultivars. This observation, in conjunction with the 
low variability among the high yielding cultivars, could indicate that 
high yield was associated with optimal rather than maximal or minimal 
values in most parameters. Statistical analyses, which are based on dis­
tinguishing larger from smaller values, may thus be of limited use in 
detecting parameters useful in predicting yield. 
Of all the measured parameters, the high and low yield groups were 
distinguished only by the number of pods per plant. At both dates, the 
low yield group had more pods per plant than did the high yield group 
with the difference being significant in the monoculture comparison, and 
approaching significance in the associations. However, at 47 days, the 
statistical significance was entirely attributable to very large values 
in the low yielding cultivar, P756. In all other parameters, at both 
dates and in both systems, high and low yield group means were similar. 
Differences were apparent, however, in some of the derived parameters 
(Tables 8a,b). In monoculture, the percentage dry weight allocation to 
structure in the high yield group was significantly larger at 4? days, 
and significantly smaller at 62 days, than in the low yield group. Per­
centage blade dry weight allocation did not differ between groups at 
either date, but the pod weight percentage in the high yield group was 
significantly larger than in the low yield group at 62 days. 
The differences in percentage structural allocation reflected small 
differences in total dry weight, as the structural weights of the two 
groups were nearly identical at each date (Tables 7a,b). The higher 
percentage pod weight allocation at 62 days was genuine, however, as 
total dry weights were equal and pod weights were higher in the high yield 
group. Thus, part of the difference between the high and low yielding 
monoculture cultivars in Figure 8 may be ascribed to the more favorable 
partitioning of total dry weight to pod growth in the high yielding cul­
tivars. Based on the clear separation of high from low yielding mono­
culture beans in Figure 8, the sink:source relation may be useful as a 
selection criterion. 
In general, the higher yielding beans had fewer and heavier pods in 
both cultural systems, although the relation was unclear in the mono­
culture cultivars at 62 days (Table 7b). Within the associated cultivars, 
pod number per plant changed very little between 47 and 62 days, although 
it increased substantially in the monoculture beans. The first formed 
pods were apparently the only ones which were retained by the associated 
cultivars. 
The more abundant pod set on the associated, low yielding cultivars 
could have incurred more intraplant competition for resources. Pod 
abortion, unfilled ovules and lower seed weights would be consistent with 
stronger intraplant competition. Conversely, the high yielding associated 
beans set only from four to six pods per plant, thus minimizing intra­
plant competition and resulting in heavier pod weights at both dates. 
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Fi na1 harvest 
Bean responses to associated maize Grain yield was significantly 
reduced in all bean cultivars and in both yield groups due to the associ­
ated maize (Table 6). The percentage yield reduction ranged from 56 to 
74%, with a tendency (not significant) for lesser reduction in the high 
yield group. Cultivar rankings were quite consistent, although not 
identical, between cultural systems, indicating no genotype by environ­
ment interaction. 
Bean populations were generally lower than intended, and although 
plant densities were consistently higher in the associated than in the 
monoculture cultivars, the differences were not significant. The inter­
vention of various pest problems between thinning and maturity, including 
the hypersensitive reaction of plants resistant to BCMV (Schwartz et al., 
1978), could account for suboptimal populations at maturity. The basis 
for the systematically lower populations in the monoculture beans is un­
known, but would be consistent with a greater incidence of pest prob­
lems in the monoculture beans (Altieri et al., 1978). Comparative data 
on insect damage were not taken in this experiment. 
The range between the highest and lowest yielding beans was 712 
kg/ha in monoculture, versus only 396 kg/ha in the associated beans, 
expressed as a percentage of the highest yielding cultivar in each sys­
tem, however, the range among the associated beans, 48%, was larger 
than that among the monoculture beans, 36%. In this context, there 
would be relatively more latitude for selection and bean improvement in 
the associated than In the monoculture cropping system. 
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In addition, when an index of random variation around the mean is 
calculated for each system (standard error of the mean/system mean), the 
means are defined with nearly equal precision in monoculture (0.086) 
and in association (O.O96). Thus, although in absolute terms the range 
among cultivar yields was smaller in association than in monoculture, the 
random error was correspondingly smaller and cultivar selection could be 
practiced equally well in either system. 
Maize effects on bean dry weight and yield component parameters at 
final harvest are summarized in Table 9. Most individual cultivars, and 
both yield groups, manifested significant reductions in each of the dry 
weight components. However, the reduction in branch parameters, inclu­
ding both the structural and seed weights, was more marked than in the 
corresponding main stem parameters. The differentially negative effect 
of maize on the branch parameters was reflected in a substantial depres­
sion in the percentage of yield borne on branches in each of the associ­
ated cultivars, and thus, in both yield groups. 
Of the components of yield, pod number and hundred seed weight 
appeared to account for most of the reduction in grain yield in the 
associated cultivars. Main stem, branch and total pod numbers were sig­
nificantly reduced in most of the associated beans. The maize effect on 
the number of main stem pods was significant only in the high yield group, 
whereas, in both yield groups, maize significantly reduced the numbers of 
branch and total pods. All cultivars and both yield groups expressed 
significant reductions in hundred seed weight when associated with maize. 
The number of seeds per pod was calculated using the seed weight and 
pod number data for main stem and branch pods separately, and the bulked 
Table 9. Descriptive parameters measured at final harvest in Type II bean cultivars grown in 
monoculture and in association with maize^ 
LOW Y IELD GROUP H IGH YIELD GROUP 
v u u i  u r x M i .  
PARAMETER SYSTEM P 4 0 2  P 5 2 4  P 6 4 3  P 7 5 6  P 1 7  P 4 8 8  P 6 7 5  P 5 6 6  *low *high SE^ 
Main Stem M 5 3 . 3  4 7 . 3  6 3 . 9  4 7 . 9  58.8  56.8 6 9 . 9  8 2 . 6  5 3 . 1  * * *  67.0 6 . 3  
Dry Weight, * ** A *  A A  A  A A  A A A  A A A  
g/m2 A 3 2 . 7  3 8 . 1  3 5 . 0  1 9 . 7  3 3 . 5  4 2 . 7  5 0 . 4  5 3 . 5  3 1 . 4  * A  4 5 . 0  
Branch Dry . M 3 3 . 0  4 3 . 8  5 3 . 7  3 1 . 2  3 1 . 0  2 1 . 1  3 3 . 6  1 5 . 4  4 0 . 4  * *  2 5 . 3  3 . 8  
Weight, g/m *** *** *** *** A A A  A A A  A A A  A A  A A A  A A A  
A 4 . 3  5 . 9  2 . 5  5 . 2  4 . 7  2 . 5  3 . 2  0 . 9  4 . 5  2 . 8  
Main Stem M 4 6 . 0  2 1 . 5  5 3 . 0  7 1 . 0  6 2 . 8  8 5 . 3  9 5 . 4  1 3 9 . 0  4 7 . 9  * * *  95.6 7 . 7  
Seed Dry . A A A  A A A  A A A  A A A  A  A A A  
Weight, g/m A 3 4 . 3  3 8 . 4  3 3 . 4  3 2 . 4  4 2 . 5  4 8 . 6  5 2 . 9  7 3 . 1  3 4 , 6  * * *  5 4 . 3  
Branch Seed M 6 7 . 9  6 7 . 5  9 5 . 6  8 7 . 6  98.0 50.6 5 7 . 6  3 4 . 2  7 9 . 7  * *  6 0 .  1  7 . 5  
Dry_Weight, *** *** *** A A A  A A A  A A A  A A A  A A A  A A A  A A A  
g/mZ A 8 . 3  1 2 . 1  1 . 6  1 3 . 5  1 1 . 0  2.8 3 . 4  1 . 0  8 . 9  4 . 6  
defined in Table 7a. 
d. 
Calculated from pod number and seed weight data for main stem and branches, separately, and 
a bulked value of hundred seed weight. 
®ln g/100 seeds at 14% moisture, taken from the yield sample. 
The ratio of seed weight : total weight (dry); residual blades and petioles were discarded. 
Table 9 cont. 
LOW Y IELD GROUP 
CULTURAL 
PARAMETER SYSTEM 
Tota l  Dry  _  M 
Weight, g/m 
P402 P524 P643 P756 
241.4 215.3 327.0 290.4 
* * *  A * *  A A A  A A A  
85.0  112.9  88.1  87.7  
Tota l  Seed M 
Dry  Weight ,  
g /mr A 
113.9 89.0  148.5 160.8  
A A A  A  A A A  A A A  
42.5  50.5  35.0  45.8  
Branch-  M 60 76 64 55 
Borne  Y ie ld ,  
% A 19 24 5 29 
Main  Stem 
Pods.  
no /m 
M 83 
79 
30 
A A  
72 
100 
76 
92 
57 
Branch Pods,  M 127 92 175 113 
n o / m ^  * * *  A A A  A A A  A A A  
A 21 24 8 32 
Tota l  Pods,  M 
n o /m^ 
A 
209 
A A A  
100 
123 
96 
274 
A A A  
83 
206 
A A A  
90 
HIGH YIELD GROUP 
— 
P17 P488 P675 P566 *low ^high U 
310.8  
A A A  
262.0  
A A A  
314.5 
A A A  
335.1 
A A A  
268.5  
A A A  
A  305.6 
A A A  
20 
119.6 117.0 134.6 154.7 93.4 A  131.5 
160.7 
A A A  
135.9 
A A A  
153.0 
A A A  
173.3 
A A A  
128.1 
A A A  
A A A  155.7 
A A A  
11 
53.5 51.4 56.2 74.0 43.5 58.8 
61 37 38 20 64 39 
21 5 6 1 19 8 
92 98 103 
A  
162 
A A  
76 A A A  114 
A A A  
10 
72 66 73 100 68 78 
144 
A A A  
54 
A A A  
68 
A A A  
40 
A  
127 
A A A  
A A A  77 
A A A  
26 4 9 3 20 10 
236 
A A A  
151 
A A A  
171 
A A A  
202 
A A A  
203 
A A A  
190 
A A A  
15 
98 71 82 103 88 88 
Table 9 cont. 
. LOW YIELD GROUP 
CULTURAL 
PARAMETER SYSTEM P402 P524 P643 P756 
Seeds/Main M 3.2 4.1 3.9 4.6 
Stem Pod, * A 
no A 2.5 3.5 3.8 3.9 
Seeds/Branch^ M 3.1 4.4 4.0 4.6 
Pod, no •k A 
A 2.6 3.3 1.9 2.7 
Hundred® M 20.2 18.7 15.8 19.5 
Seed Weight *** *** *** 
A 17.9 17.4 13.7 17.1 
Harvest^ M 0.47 0.41 0.45 0.55 
Index *** 
A 0.36 0.45 0.40 0.52 
HIGH YIELD GROUP 
P17 P488 P675 P566 low high SEI 
3.8 4.0 4.4 4.3 4.0 
A A  
4.1 0.3 
3.8 4.1 4.3 4.3 3.4 A A A  4.1 
3.7 4.1 3.8 4.2 
A  
4.0 
A A A  
4.0 
A  
0.6 
2.7 3.6 3.3 2.1 2.4 2.9 
21.3 
A A A  
25.1 
A A A  
25.1 
A A A  
23.5 
A A A  
18.6 
A A A  
A A A  23.8 
A A A  
0.4 
17.8 21.2 19.5 19.7 16.5 A A A  19.6 
0.52 0.52 
A  
0.48 0.52 0.47 
A  
A  0.51 
A A  
0.02 
0.49 0.44 0.42 0.48 0.43 0.46 
U3 
VO 
100 
hundred seed weight value taken from the yield sample. Thus, two sources 
of variation contributed to the error variance, resulting in the detection 
of few significant differences, although the differences were sometimes 
large. 
The number of seeds per main stem pod varied little between mono­
culture and associated beans. Two of the low yield cultivars did respond 
significantly, however, resulting in a significant difference between 
cultural systems in the low yield group. Consistent with the relatively 
larger effect of the maize on branch parameters, the number of seeds per 
branch pod was consistently reduced in the associated beans, signifi­
cantly in three of the cultivars and in both yield groups. The depression 
In seed number per branch pod, however, had little Impact on yield, as 
the number of branch pods in the associated beans was small. 
Harvest Index was reduced in most of the associated cultivars, 
resulting in significant differences between cultural systems In both of 
the high and low yield groups. 
To determine the relative contribution of each of the yield compo­
nents to the overall yield reduction exhibited by the intercropped beans, 
I first distinguished the effects of seed number (SN) and individual seed 
weight (SWT; g/seed): 
(1) YIELD/HA = SEED NUMBER/HA x SEED WEIGHT 
The proportion of the yield reduction which resulted from seed 
number was calculated as: 
101 
(2) 
(SN/ha^ - SN/ha^) SV/Tj^ Percentage yield reduction 
attributable to Seed Number, 
YIELD/haw - YIELD/ha^ 
and that which resulted from individual seed weight was calculated as: 
(R. M. Shibles, Professor, Iowa State University, 1979» personal commu­
nication). The calculated contributions of seed number and individual 
seed weight are presented in Table 10. 
The seed number and weight effects do not sum to 100% because the 
theoretical yields, calculated as the product of seed number and seed 
weight, did not accurately predict realized yields (Table 11). Total 
errors of underestimation more than doubled those of overestimation 
(89.9 vs. 37.7%, respectively), although the number of overestimates 
equalled the number of underestimates (8 vs. 8, respectively). Although 
underestimation substantially exceeded overestimation, the errors did 
not seem to be systematically distributed. I conclude, therefore, that 
the deviations of predicted from realized yield, which in 10 of the 16 
comparisons were less than ± 6%, reflect simply the combined error terms 
contributed by the four measurements which were involved in each 
calculation. 
In the high and low yield groups, respectively, seed number account­
ed for an average of 7.0 and 14.6 times as much of the yield loss as did 
(SWT„ - SMT^) SN^ 
Percentage yield reduction 
attributable to individual 
Seed Weight 
YIELD/ha^ - YIELD/ha^ 
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Table 10. Proportional contribution of seed number and of individual 
seed weight to overall yield reduction in intercropped beans 
YIELD REDUCTION, % 
LOW YIELD GROUP HIGH YIELD GROUP 
P402 P524 P643 P756 P17 P488 P675 P566 
Due to 
Seed Number: 107.7 49.2 104.0 109.0 99.1 77.2 86.0 86.0 
Due to 
Seed Weight: 8.9 5.4 5.2 6.5 10.8 9.4 17.2 14.4 
individual seed weight (Table 10). The seed weight effect appeared to 
be more substantial in the high yielding cultivars, although the exact 
proportion was obscured by the calculation errors. In any case, individ­
ual seed weight probably accounted for less than 15%, and perhaps as 
little as 5%, of the yield reduction resulting from intercropping. The 
remaining 85 to 95% of the yield reduction may be attributed to seed 
number. 
Variation in seed number is derived from variations in both pod 
number and the number of seeds per pod: 
(4) SEEDS/HA = PODS/HA x SEEDS/POD 
To separate the influences of pod number and seeds per pod on seed 
number, I compared the percentage reductions in seed number and in pod 
number (Table 12). 
In the high yield group, percentage reductions in pod number were 
nearly identical to those in seed number, indicating that pod number 
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Table 11. Bean grain yields realized in monoculture and in association 
with maize, and yields predicted by equation 1 
YIELD, kg/ha 14% 
LOW YIELD GROUP HIGH YIELD GROUP 
P402 P524 P643 P756 P17 P488 P675 P566 
MONOCULTURE 
Realized 
Predicted 
1262 
1325 
1378 
1035 
1637 
1727 
1690 
1870 
1786 
1868 
1828 
1580 
1847 
1779 
1974 
2015 
Difference, 
% 
+5.0 
-24.9 +5.5 +10.7 +4.6 -13.6 
-3.7 +2.1 
ASSOCIATION 
Realized 
Predicted 
550 
494 
558 
587 
428 
407 
531 
532 
652 
622 
698 
598 
756 
653 
824 
860 
Di fference, 
% 
-10.2 +5.2 
-4.9 +0.2 -4.6 -14.4 -13.6 +4.4 
accounted for almost all of the variation in seed number in the high 
yielding cultivars. This conclusion is supported by the lack of an 
intercropping effect on seeds per main stem pod in the high yield group 
(Table 9). Main stem pods contained from 79 to 99% of the yield of 
the high yielding cultivars. 
Pod number accounted for the majority of the variation in seed 
number in the low yielding cultivars (Table 12), but plasticity was also 
expressed in seeds per pod (Table 9), suggesting that seed number per 
pod was a contributing factor in variation in seed number. 
In sum, pod number, individual seed weight and seeds per pod account­
ed for roughly 80, 15 and 5% of the yield reduction In the high yielding 
cultivars, respectively, and for perhaps 85, 5 and 10% of that In the 
low yielding cultivars, respectively. I emphasize, however, that these 
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Table 12. Comparison of the reductions in seed number and in pod number 
in bean cultivars in response to intercropping with maize 
REDUCTION. % 
LOW YIELD GROUP HIGH YIELD GROUP 
P402 P524 P643 P756 P17 P488 P675 P566 
Seed Number 57.9 39.0 72.8 67.5 60.2 55.2 52.7 49.1 
Pod Number 52.9 22.0 69.7 56.3 58.5 53.0 52.0 49.0 
Difference 5.7 17.0 3.1 11.2 1.7 2.2 0.7 0.1 
estimates are, at best, interpolations from general trends rather than 
from clear data. 
Comparison of high and low yield groups Grain yield in both cul­
tural systems was clearly related to seed coat color (Table 6). All 
members of the high yield group were brown-seeded or black-seeded culti­
vars. The brown seed coat color is derived from the black seed coat 
character. Although its physiological basis is unknown, the relation 
between high yield potential and the black seed coat color has been 
noted at C.I.A.T. before. It has been hypothesized that within the Type 
II beans, the black seed coat color may be genetically linked to resis­
tances to certain prevalent insect and soil disease pests, perhaps, media­
ted through toxic compounds such as tannins in the vegetative tissue 
(N. Galway. Visiting Research Associate, C.I.A.T., 1978, personal commu­
nication). The relation between yield and seed coat color does not per­
tain to beans of the other growth habits, as lighter colored cultivars 
tend to produce highest yields in the C.I.A.T. climbing bean collection. 
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Grain yield was negatively related to the percentage of yield borne 
on branches (Fig. 10) in both cultural systems. Cultivars bearing larger 
proportions of yield on main stem sites tended to produce higher yields 
than did the "branch dominated" beans. One exception to this generaliza­
tion was P17» which was of the high yield group but which was clearly 
branch dominated in the site of reproductive load (Table 9). 
Yield loss on branch sites accounted for from 64 to 84% of the 
overall yield reduction in the low yielding cultivars and from 33 to 57% 
of that in the three highest yielding cultivars (calculated from Table 
9). Cultivar P17, although in the high yield group, concentrated 81% of 
its yield reduction on branch sites. 
In monoculture, main stem dominated beans would be favored by the 
high population densities and optimal management practices employed In 
the trial. On this basis, yield rankings would be expected to vary under 
different density or management regimes. Maximum yield potential in 
branch dominated cultivars would likely be realized at densities permit­
ting fuller expression of branch potential. 
The capacity of branches to generate reproductive sites was selec­
tively inhibited In association with maize. Branch nodes, because they 
tend to develop somewhat later than most of the main stem nodes, may be 
at a disadvantage in Intraplant competition for resources. When resource 
competition Is increased, as In association with maize, branch growth may 
be further restricted, resulting in relatively greater yield depression. 
I hypothesize, therefore, that main stem dominated cultivars would be at 
an advantage under strongly competitive conditions, either in monoculture 
or In association with maize. 
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Figure 10. Negative relation between grain yield (kg/ha) and branch-borne yield (%) in eight Type 
II bean cultlvars grown a) in monoculture and b) in association with maize (Cultlvars 
in the high and low yield groups are distinguished by closed and open symbols, 
respectively) 
1 0 7  
In the monoculture beans, phenotypic variability was observed in 
all parameters, both within and between yield groups. The clustering 
tendencies noted for the high yielding cultivars at 47 and 62 days were 
not evident at final harvest. The final harvest data are expressed on 
a land area basis, and as such, reflect differences in plant density 
(Table 6), as well as among cultivars. 
In monoculture, the high and low yield groups manifested signifi­
cantly different values for most parameters. In both the pod number and 
seed weight parameters, however, reverse trends were evident between the 
two groups (Table 9). The high yield group matured significantly more 
main stem pods and significantly fewer branch pods than did the low yield 
group. Similarly, the high yield group produced significantly higher 
main stem seed weight and significantly lower branch seed weight than did 
the low yield group. As a result, although the high and low yield groups 
differed significantly in both main stem and pod number, they did not 
differ in total pod number. The countervailing trends in main stem and 
branch seed weights resulted in a net total seed weight that was signifi­
cantly higher in the high yield group. 
In association, branch parameters were reduced so drastically that 
little variability remained among the cultivars. High and low yield 
groups did not differ significantly in any of the branch parameters, 
although significant differences were expressed between the yield groups 
in the main stem, main stem seed and total weight parameters, and in the 
number of seeds per main stem pod. 
Therefore, in selecting cultivars for performance in association with 
maize, emphasis should be given to main stem characters because, 
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1) maize affects growth and yield potential less on the main stem than 
on the branches, and 2) variability persisted among cultivars in the 
main stem but not in the branch characters when associated with maize. 
Summary 
The objectives of this trial were only partly attainable. It was 
not possible to contrast the responses of beans of the different growth 
habits because all cultivars in three of the four habits were lost due 
to the combined effects of virus-contaminated seed, the Heliothis infes­
tation and the maize lodging problems. In the eight. Type II cultivars 
which survived these problems, however, bean responses to associated maize 
were measured, and trends between high and low yielding beans were 
distinguished. 
1. A striking reduction in most growth indices was apparent at the early 
podfilling stage. The differences between monoculture and the associated 
beans were amplified with time, becoming most pronounced at maturity. 
2. Reproductive growth was accelerated in the associated bean cultivars, 
as indicated by the allocation of larger proportions of dry weight to 
the pods at the early and mid podfilling stages. 
3. Parallels between bean responses to competition in monoculture and 
in association were apparent in the relations among various parameters. 
The trends suggest that the effects of bean and maize competition on bean 
dry weight accumulation differed only in magnitude. It was not possible 
to determine If maize effects on dry weight distribution and on the 
acceleration of reproductive growth were caused by, or independent of, 
the reduction in plant size. 
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4. High yielding cultivars consistently expressed similar responses in 
all measured characters, at both the early and mid podfilling stages. 
The homogeneity in their performance in monoculture, and in their respon­
ses to associated maize, implies that high yielding ability in all four 
cultivars was related to the same factor(s) or balance of factors. 
Conversely, among the cultivars of the low yield group, wide ranges of 
phenotypic variability were expressed in all parameters, suggesting that 
low yielding ability resulted from diverse factors. 
5. The parameter values of the high yielding beans were neither consis­
tently higher nor lower than the ranges expressed by the low yielding 
beans, during the growth cycle. This implies that optimal, rather than 
maximal or minimal parameter values were related to high yield. This 
trend was particularly apparent in the relations among parameter values, 
suggesting that the balance between sink and source functions may be 
a critical determinant of yield. 
6. I estimate that pod number, individual seed weight and seeds per pod 
accounted for roughly 80, 15 and 5% of the yield loss in the high yield­
ing cultivars, and for 85, 5 and 10% of that in the low yielding culti­
vars, respectively, when intercropped with maize. 
7. Under the competitive conditions of high density monoculture and asso­
ciated bean cropping, branch growth and pod bearing potential were limit­
ed. Main stem dominated beans were higher yielding in both cultural sys­
tems and tended to be less negatively affected by the maize. In addition, 
phenotypic variability was retained in the main stem characters but not in 
the branch characters, indicating that selection for bean yielding ability 
in association with maize should concentrate on main stem parameters. 
1 1 0  
COMPARISON OF PRODUCTIVITY IN 
MONOCROPS AND INTERCROPS OF BEAN AND MAIZE 
Introduction 
Competition for resources in space and in time may cause bean yield 
depression when beans are intercropped with maize. This trial was de­
signed to test the first of these possibilities, and specifically, to 
compare the responses of îndeterminant bush and climbing bean cultivars 
(Types II and IV, respectively), to learn how these two types, which 
exhibit such large differences in monoculture yield potential (2.5 
vs. 4 metric t/ha), are reduced to a common low level (0.8 to 1.0 metric 
t/ha) in association with maize. 
Competition may occur for either or both of root and shoot level 
factors. By varying root competition while maintaining light competition 
constant, or varying light competition at a constant level of root 
competition, it should be possible to separate and quantify root and 
shoot level competition. 
This objective was addressed by physically manipulating the canopy 
structure to modify the distribution of light energy between the maize 
and bean, in conjunction with varying the maize population to alter the 
root demand acting on the bean. Recognizing that variation in the maize 
population would affect the light variable as well as the root variable, 
it was necessary to measure the light environment actually experienced by 
the beans in order to compare the treatments accurately. 
By comparing the shapes of the yield responses to the light variable 
at different levels of root competition, I intended to distinguish and to 
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quantify root and shoot level interaction. This approach is summarized 
diagramatically in Figure 11. 
Procedures 
Treatments 
Two bean cultivars, P566 and P364, representing the Type II and IV 
growth habits, respectively, and a brachytic maize cultivar, 'ICA H-210', 
were used in this trial. Selection of the bean cultivars was based on 
yield performance In the previous trial, and the maize was selected for 
its lodging resistance. 
A factorial treatment array, consisting of three maize populations 
and three types of maize canopy structure, was applied to each bean 
cultivar. Maize populations of 20,000, 40,000 and 60,000 plants per hec­
tare were established, using within-row spaclngs of 50, 26 and 17 cm, 
respectively, on 1 m beds. The natural canopy configuration was termed 
"erect", and the canopy structures produced by manipulating the maize 
canopy were termed "open" and "closed" (Figs. 12a,b). 
At the start of bean flowering (36 to 40 days after the first rain), 
the maize stalks were bent laterally, to displace the maize canopy roughly 
20 cm away from its natural orientation. To effect the bending, thick 
bamboo slats, measuring 10 cm In width and extending the length of the 
plot, were pushed against the maize stalks to bend the maize as needed. 
The degree of bending was standardized by attaching the bamboo to lateral 
arms which extended out a fixed distance from the posts imbedded at the 
ends of the plots. Stakes driven into the ground at intervals along the 
plot acted to stabilize the bamboo. 
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Figure 11. Anticipated bean yield response to modifications in maize canopy structure and popula­
tion (canopy structures are defined as OPEN ( • ), ERECT ( O ) and CLOSED { )) 
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Figure 12. Open and Closed canopy structure configurations; a) Type II 
and b) Type IV treatments 
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Adjacent maize rows were bent in opposite directions, forming alter­
nating strips of open and closed canopies (Figs. 12a,b). Compared to the 
erect canopy, the open and closed canopies would allow, respectively, more 
and less light penetration to the associated beans. At a given maize pop­
ulation, however, the beans in each of the three canopy structures would 
receive equivalent maize root competition. Thus, it was thought possible 
to vary light competition while maintaining a constant level of root 
competition. 
To assure uniformity in light competition and to facilitate compari­
sons among growth habits, the associated climbing cultivar was entrained 
to grow, not directly on the maize, but rather, on a conventional trellis 
structure constructed in the furrows (Fig. 12b). The climbing bean and 
maize canopies were thus separated in space in all of the climbing bean 
associations. As a control, a climbing bean association with the beans 
normally entrained within the maize canopy was established at a maize 
density of 40,000 plants per hectare. 
To test the effect of the bending process on maize performance, 
a control maize monoculture at 40,000 plants per hectare was grown. 
The bending procedure was applied to this treatment at the same time and 
in the same manner as In the associated treatments. Controls for the 
entraining and bending treatments were not grown at the other maize den­
sities due to limitations on field space. 
Bean monocultures and maize monocultures at the three population 
densities were established, in addition to the 3x3 factorial treatment 
array and the indicated controls. Because the associated climbing beans 
were supported on trellises constructed between the beds, rather than In 
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the usual position within the beds, two climbing bean monocultures 
were established on trellises erected between and within the beds, 
respectively. Treatments are defined and identified by number in 
Table 13-
Field operations 
Both the beans and the maize were planted into dry soil on 21 Octo­
ber 1977 and the first rains occurred on 24 October (Day 1). All 26 
treatments were replicated four times, occupying a total land area of 
0.7 ha. A split split-plot design was used to allocate the treatments 
within the blocks; growth habits were the main plots and the types of 
treatments (monoculture, and erect or bent associations) were within the 
growth habits. Because the allocation of treatments in split plots did 
not Improve the error variance, treatments were analyzed and compared 
as if in randomized complete blocks. 
Plots were 7.5 m long and of variable width, ranging from 5 m In 
the maize and bean monocultures, to 9 m in the bent maize treatments. 
End borders were 1 m and the lateral borders were at least 1 m in each 
plot. Plots were oriented in an east-west direction and were positioned 
side by side so that adjacent plots served as mutual, lateral borders. 
Beans were thinned to the optimum populations (Table 2) on Day 15. 
Thinning of the maize was accomplished on the same day, although realized 
populations were lower than Intended due to poor germination (Table 13). 
Due to a miscalculation, the 10-30-10 preplant fertilizer was applied at 
38, 50 and 31.5 kg/ha of N, P and K, respectively, nearly double the 
Intended rate. Foliar sprays of urea (1 kg/ha (0.5 kg/ha N) In an 0.5% 
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Table 13. Summary of treatments in the comparison of productivity in 
monocrops and intercrops of bean and maize 
REALIZED MAIZE^'b 
GROWTH HABIT TREATMENT CANOPY STRUCTURE POPULATION DENSITY 
Type II 1 ERECT 20,000 d 
2 37,300 c 
3 50,500 ab 
4 OPEN 18,500 d 
5 36,000 c 
6 48,000 ab 
7 CLOSED 18,500 d 
8 36,000 c 
9 48,000 ab 
10 MONOCULTURE 0 
Type IV 11 ERECT 18,300 d 
12 36,500 c 
13 47,000 b 
14 OPEN 19,300 d 
15 36,800 c 
16 46,800 b 
17 CLOSED 19,300 d 
18 36,800 c 
19 46,800 b 
20 MONOCULTURE BETWEEN ROWS 0 
22 MONOCULTURE WITHIN ROWS 0 
21 MAIZE-ENTRAINED ASSOCIATION 37,300 c 
Maize 23 MONOCULTURE 21,500 d 
24 38,300 c 
25 51,800 a 
26 MONOCULTURE, 36,000 c 
BENT AS IN ASSOCIATIONS 
^plants/ha. 
^Realized population densities were compared using a Duncan's range 
test; the error mean square came from a combined analysis of all popula­
tions with 24 error df. Populations followed by the same letter are 
not significantly different. 
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aequeous solution) and ZnSO^ (1 kg/ha (0.2 kg/ha Zn) in an 0.5% aequeous 
solution) were applied at 40 and 54 days, respectively. 
Symptoms of Problem X (p. 69) appeared in the bush cultivar at 32 
days, but were restricted to moderate reticular veination of the 
expanding leaves. Yield did not appear to have been affected. 
Data col lection 
Light measurement Light energy was measured on four days during 
the interval between 54 and 61 days, coinciding with the time of rapid 
podfilling. One replication was measured on each day, and the readings 
were standardized to full sun received on each measured day. General 
methodology for light measurement is discussed on p. 61. 
The light measurement boxes were strapped to 2.5 x 2.5 cm wooden 
bars which extended the full length of the beds, supported at 70 cm 
aboveground in the Type II treatments and at 120 cm aboveground in the 
Type IV treatments. Support was provided by lateral arms nailed to posts 
within, and at either end of, the beds. Because these posts were im­
bedded in the furrows and not in the beds, the boxes actually extended 
out over parts of two adjacent beds. The bars to which the boxes were 
strapped were located at 15 cm to either side of the furrow, or 35 cm 
from the centers of the beds. Thus, light was measured directly over the 
bush bean canopy and within the main podbearing zone of the climbing 
bean canopy. 
The boxes were sited at four positions on either side of the furrow, 
giving eight measured positions for each plot. Rows were oriented in an 
east-west direction and, at this time of year, 15 to 23 December, the sun 
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was at Its southernmost declination. However, no consistent trend was 
observed between the readings made on the north- and south-facing sides 
of the rows, possibly due to the partially overcast skies which predom­
inate during the rainy season. Therefore, the data are presented as aver 
ages of all eight points, representing both sides of the furrow. Posi­
tions were spaced at 1.5 m intervals along the bed, starting at 1.5 m 
from either end. 
Plant measurement The effects of modification In intercrop com­
petition at the root and shoot levels were determined by yield and yield 
component analysis at maturity. Attainment of harvest maturity varied 
somewhat among treatments. This variation seemed to be nonsystematic, 
although the bean monocultures generally reached harvest maturity several 
days after the associated treatments. Final harvests were made at 78 
days in the bush bean treatments and at 93 days in the climbing bean 
treatments. The maize was harvested at 128 days. 
2 
Grain yield was estimated from a 10 m yield sample. A separate 
2 
2 m sample was harvested for the bean yield component analyses. The 
yield component sample was separated into branches and main stems, and 
numbers of nodes, racemes and pods were counted for each. Podwall and 
seed weights were recorded for main stems and branches separately, and 
hundred seed weight was estimated from three subsamples of 100 seeds 
drawn from the bulked yield sample. 
Results and Discussion 
Problems were encountered In quantifying the root and shoot level 
effects. The Inadvertently excessive fertilizer application made the 
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already rich soil less appropriate for the study of root level competi­
tion. Secondly, maize root competition, as inferred from maize grain 
yield, was significantly affected by the canopy structure treatment 
(Tables l4a,b). The critical assumption that beans, at comparable maize 
populations, would be exposed to equivalent levels of maize root competi­
tion, Independent of canopy structure, was thus invalidated. Finally, 
measured differences In light transmission among canopy structures were 
small and, therefore, difficult to interpret (Table 15). Nonsystematic 
variation in the interval between preparing and exposing the light pack­
ets (p. 66) apparently enlarged the experimental error, with the end re­
sult that the light data proved to be inconclusive. 
Because of these problems, I was unable to use the approach dia­
grammed in Figure 11 to analyze spatial competition for resources. 
Accordingly, I proposed alternative hypotheses which could be tested 
with the types of data already collected. 
A1 ternative hypotheses 
Manipulation of the canopy structure of the bean-maize system may 
be considered as a vehicle for shifting the balance of resource use be­
tween the two crops. Specifically, the open treatment acted to favor the 
bean, while disadvantaging the maize, compared to the erect and closed 
treatments, which Increasingly disadvantaged the bean relative to the 
mai ze. 
In this context, it was possible to test the general, agronomic 
hypothesis that the allocation of resources between two associated crops 
is potentially more productive than an undivided allocation to either 
Table l4a. Comparisons among monocrops and intercrops of a Type II bean cultivar and a brachytic 
maize, based on efficiency of land use (LER), and on energy and protein yield 
B E A N  
GRAIN^ . ENERGY® PROTEIN^ 
TRT^ YIELD A/M Meal/ha kg/ha 
1 981 b 54 3.3 245 
2 675 c 37 2.3 169 
3 453 d 25 1.5 113 
4 1392 a 77 4.7 348 
5 1104 b 61 3.7 276 
6 1009 b 56 3.4 252 
7 1047 b 58 3.5 262 
8 522 cd 29 1.8 130 
9 278 e 15 0.9 70 
Monocultures: 
10 1809 a 100 6.1 452 
23 
24 
25 
26 
S Y S T E M  
M A 1 Z E LER^ ENERGY^ PROTEIN^ 
GRAIN^ h ENERGY® PROTEIN^ 
Meal/ha kg/ha 
YIELD A/M Meal/ha kg/ha Rank Rank Rank 
3548 e 64 12.8 284 118 6 16.1 8 529 6 
4529 cd 82 16.4 362 119 5 18.6 5 531 5 
5901 a 107 21.3 472 132 2 22.8 1 585 3 
2622 f 47 9.5 210 124 4 14.2 11 557 4 
3880 de 70 14.0 310 131 3 17.7 7 586 2 
4876 be 88 17.6 390 144 1 21.0 2 642 1 
2622 f 47 9.5 210 105 7 13.0 12 471 7 
3880 de 70 14.0 310 99 10 15.8 9 441 11 
4876 be 88 17.6 390 103 8 18.5 6 460 8 
100 9 6.1 13 452 9 
3939 de 71 14.2 315 71 12 14.2 10 315 13 
5432 ab 98 19.6 435 98 11 19.6 4 435 12 
5535 ab 100 20.0 443 100 9 20.0 3 443 10 
3755 de 68 
^Calculated by summing the A/M ratios for the bean and maize. 
''calculated by summing the energy yields of the bean and maize. 
''Calculated by summing the protein yields of the bean and maize. 
^In kg/ha at 14 and 16% moisture for bean and maize grain, respectively; treatments were 
compared using a Duncan's range test with 30 and 24 error df for the bean and maize, respectively, 
and four replications. Treatments not followed by the same letter are significantly different at 
the 5% level. 
^Calculated by multiplying bean yield by 3.37 and maize yield by 3-61 (N.C. State Univ., 1974); 
expressed in Meal (10° cal). 
^Calculated by multiplying bean yield by 0.25 (R. A. Luse, Biochemist, C.I.A.T., 1978, personal 
communication) and maize yield by 0.08 (J. B. Barnett, Maize Breeder, C.I.A.T., 1978, personal 
communication). 
^Treatment: as defined in Table 13. 
^Grain yield in association (A) is divided by that in the highest yielding monoculture (M); 
in the Type II and IV beans, M = Treatments 10 and 20, respectively, and in the maize, 
M = Treatment 25. 
Table 14b. Comparisons among monocrops and intercrops of a Type IV bean cultlvar and a brachytic 
maize, based on efficiency of land use (LER), and on energy and protein yield 
S Y S T E M  
B E A N  M A I Z E  L E R ^  E N E R G Y ^  P R O T E I N ^  
GRAIN^ 
Trt9 YIELD A/M^ 
ENERGY® 
Meal/ha 
PROTEIN^ 
kg/ha 
GRAIN^ 
YIELD A/M 
ENERGY® 
Meal/ha 
PROTEIN^ 
kq/ha Rank 
Meal/ha 
Rank 
kg/ha 
Rank 
11 1981 c 65 6.7 495 1844 c 33 6.7 148 98 7 13.3 9 643 6 
12 1381 d 45 4.7 345 3334 b 60 12.0 267 105 4 16.7 5 612 8 
13 1198 e 39 4.0 300 3924 b 71 14.2 314 110 2 18.2 4 613 7 
14 2352 b 77 7.9 588 1001 d 18 3.6 80 95 8 11.5 10 668 4 
15 2242 b 73 7.6 561 1872 c 34 6.8 150 107 3 14.3 7 710 2 
16 2019 c 66 6.8 505 2123 c 38 7.7 170 104 5 14.5 6 675 3 
17 1905 c 62 6.4 476 1001 d 18 3.6 80 80 9 10.0 14 556 9 
18 1389 d 45 4.7 347 1872 c 34 6.8 150 79 10 11.4 11 497 10 
19 1109 e 36 3.7 277 2123 c 38 7.7 170 74 11 11.4 12 447 11 
21 953 f 31 3.2 238 5104 a 92 18.4 408 123 1 21.6 1 646 5 
Monocultures: 
20 3065 a 100 10.3 766 100 6 10.3 13 766 1 
22 2974 a 97 
23 3939 b 71 14.2 315 71 12 14.2 8 315 14 
24 5432 a 98 19.6 435 98 7 19.6 3 435 13 
25 5535 a 100 20.0 443 100 6 20.0 2 443 12 
a,b,c,d,e,f,g,h^g defined in Table l4a. 
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Table 15. Light energy transmission in monocrop and intercrop canopies 
of a Type II bean and a brachytic maize at 54 days® 
TREATMENT*' LIGHT ENERGY 
TRANSMISSION, % 
RANGE WITHIN 
CANOPY TYPE, % 
1 30.0 a 
2 9.0 cd 21.0 
3 12.6 bed 
4 27.8 a 
5 21.5 abc 6.3 
6 22.7 ab 
7 14.6 be 
8 11.6 bed 13.6 
9 1.0 d 
10 29.5 a 
^Averaged over four readings between 54 and 61 days. Light energy 
readings in the Type IV treatments were effectively zero in all inter­
crops. 
^As defined in Table 13- Treatments not followed by the same 
letter are significantly different at the 5% level, using a Duncan's 
test with 4 replications and 24 error df. 
component alone, especially under high levels of crop management. 
Secondly, I hypothesized that the particular balance of resource use 
achieved by the two crops may determine overall system productivity. 
This implies that exploitation of resources can be maximized by an opti­
mal balance of resource use between the bean and maize crops. 
Because bean and maize grain are not directly comparable, it was 
necessary to translate the grain yields into units of common currency. 
Accordingly, these hypotheses were tested by comparing the cropping 
systems on the basis of three indices of productivity: the Land 
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Equivalent Ratio (LER), where 
LER = (A,/M, + Ag/Mg) 
(intercrop components are distinguished by the subscripts and the grain 
yields in association and monoculture are denoted by "A" and "M", respec­
tively); energy productivity (Mcal/ha); and protein productivity (kg/ha). 
The use of the land equivalent ratio differs from that of the pro­
tein and energy indices. When the LER exceeds 100 by an amount, X%, 
this means that X% more land must be planted to the monocrops in order to 
produce a total yield equal to that of the intercrop (Willey, 1979a). 
This does not mean, however, that the mixture yield necessarily exceeds 
that of the higher yielding monocrop, especially if the difference in 
yield potentials of the component crops is large (Trenbath, 1976). 
Comparisons made with the protein and energy yield indices, however, 
are specifically employed to determine whether intercrop yields can 
exceed that of the higher yielding monocrop. "Overyield", in this con­
text, is synonymous with transgressive yield in the positive direction. 
Productivity analyses. Type I I bean cultivar 
Beans in the open canopy structure treatments (4, 5 and 6) consis­
tently yielded more than those in the erect associations (1, 2 and 3), 
which in turn, generally produced more than those in the closed canopy 
treatments (7, 8 and 9) (Table l4a). With the exception of treatment 4, 
gll associated beans yielded significantly less than the monoculture 
bean. Increasing maize population consistently reduced bean yields 
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within each canopy structure, most markedly in the closed canopy treat­
ment. 
Maize yields, conversely, were highest when associated as erect 
maize (1, 2 and 3) and were lessened when bent (4,7; 5,8; and 6,9). In 
the bush bean associations, this maize yield reduction in the bent state 
appeared to have been independent of a possible bean effect, since the 
bent monoculture maize control at 40,000 plants per hectare (26) yielded 
3755 kg/ha, nearly identical with the comparable bent, associated maize 
(5,8; 3880 kg/ha). With the sole exception of treatment 3, all associa­
ted maizes yielded less than their respective monocultures, although 
treatment 1 was not significantly lower. 
Monoculture vs. associated systems As noted above, simple 
grain yields of both the bean and maize crops were substantially reduced 
in almost all of the associations, relative to the yields realized in 
their respective monocultures. However, when entire systems are compared, 
monoculture systems generally ranked poorly, particularly in the LER 
and protein productivity indices (Table l4a). 
In energy productivity, monoculture bean ranked 13th, behind all 
of the associations and the maize monocultures, whereas in the indices 
of land use efficiency (LER) and protein productivity, eight of the nine 
associations produced values larger than those in the monoculture bean, 
six of which were substantially larger. The observed bean monoculture 
yield (1809 kg/ha) was respectable but not great. I speculate that in 
the absence of disease, insect, drought or fertilizer factors, yield was 
reduced by light interception from adjacent plots of taller plants, such 
as maize in monoculture and association. Had the monoculture bean yield 
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been higher, of course, monoculture rankings would have been more 
favorable. 
The maize monocultures generally ranked poorest of all systems In 
the LER and protein productivity Indices, although the higher density 
monocultures were third and fourth In energy productivity. The observed 
yields in this brachytic maize were quite typical, as was the lack of 
yield response to the increase from 38,000 to 52,500 plants per hectare 
(24 and 25, respectively). Lodging was minimal in all systems, also 
typical of this hybrid. 
The lack of yield response at the two higher population densities 
would suggest that the resource system was fully saturated by the mono­
culture maize. Yet, much greater productivity, especially in the LER and 
protein indices, resulted from the inclusion of a bean crop which In It­
self could have fully utilized these same resources. 
Increased system productivity represents greater resource use by 
the intercrop, resulting either from noncompetitive interaction In space 
or time — or possibly, from nonsaturatlon of available resources by 
either monoculture. The brachytic maize, for example, may have been un­
able to fully exploit the available resources at the 1 m spacing used 
In this experiment. 
In addition, although the comparison of the Intercrop yield with that 
of the monocrop maize is valid, It Is perhaps. Inappropriate to expect 
yield derived from a 75 to 90 day bean monocrop to be comparable to that 
of a bean-maize intercrop which has the potential to utilize resources 
over a 120 day growth cycle. 
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To separate the effect of variable length growth cycles from poten­
tial differences in resource use efficiency among the monocrop and inter­
crop systems, I calculated average rates of energy and protein production 
on a daily basis for each system (Table 16). When intercropped, both the 
bean and maize, Individually, exhibited average rates of accumulation of 
energy and of protein which were substantially lower than those observed 
in comparable monocultures. When considered as a system, however, two 
intercrops (3 and 6) accumulated energy at a rate substantially faster 
than either the bean or maize monocultures. The rate of energy gain In 
the highest ranking treatment, an erect intercrop with maize at 60,000 
plants per hectare, exceeded that in the monoculture maize at 60,000 
plants per hectare by 19%, and that In the monoculture bean by 143%. 
The average daily rates of protein accumulation in the maize mono­
cultures were exceeded by those In all of the Intercrops. At the highest 
maize population, the rate of protein gain In the open and erect canopy 
intercrops exceeded that in the monoculture maize by 78 and 46%, respec­
tively. 
The rate of protein accumulation in the monoculture bean, however, 
was nearly equal to those of the Intercrops In the open canopy treat­
ments and exceeded those in the erect and closed canopy treatments. 
In comparing the average daily rates of protein and energy accumu­
lation (Table 16) with the net accumulations (Table l4a), it is apparent 
that the longer intercrop growth cycle accounted for much of the protein 
yield advantage over the monocrop bean. If the monocrop bean had main­
tained the observed rate of protein gain for 120 rather than for 75 days, 
the resultant protein yield (722 kg/ha) would have exceeded those of 
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Table 16. Comparison of average daily rates of accumulation of protein 
and energy in monocrops and intercrops of a Type II bean 
cultiver and a brachytic maize^ 
P R 0 T E i N, kg/ha*day E N E R G Y. kcal/ha'day 
TRj'' BEAN MAIZE SYSTEM^ RANK BEAN MAIZE SYSTEM^ RANK 
1 3.3 2.4 5.6 5 44.1 106.7 150.8 7 
2 2.3 3.0 5.3 7 30.3 136.2 166.5 3 
3 1.5 3.9 5.4 6 20.4 177.5 197.9 1 
4 4.6 1.8 6.4 2 62.5 78.9 141.4 8 
5 3.7 2.6 6.3 3 49.6 116.7 166.3 4 
6 3.4 3.3 6.6 1 45.3 146.7 192.0 2 
7 3.5 1.8 5.2 8 47.0 78.9 125.9 10 
8 1.7 2.6 4.3 9 23.5 116.7 140.2 9 
9 0.9 3.3 4.2 10 12.5 146.7 159.2 6 
X 2.8 2.7 5.5 37.2 122.8 160.0 
Monocultures: 
10 6.0 6.0 4 81.3 81.3 12 
23 2.6 2.6 13 118.5 118.5 11 
24 3.6 3.6 12 163.4 163.4 5 
25 3.7 3.7 11 166.5 166.5 3 
Calculated by dividing yield by the number of days between sowing 
and physiological maturity; 75, 90 and 120 days in the bush and climbing 
bean and the maize, respectively. The physiological maturity data were 
not taken in this study, but were estimated from data collected on these 
cultivars in nearby trials. 
^Treatment: as defined in Table 13. 
''System rates were calculated by summing the rates of the bean and 
maize components. 
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all other systems. The short life cycle of the bean, thus, limited Its 
ability to fully exploit available resources in protein production. 
The energy yield advantage of the intercrops, however, did not 
appear to be influenced by the difference in growth cycles. The monocul­
ture bean had a much lower potential for energy gain on a daily basis, 
than did either the intercrops or the maize monocultures. The monocul­
ture maize at its highest population density accumulated energy at slight­
ly over twice the rate of the monoculture bean, 166.5 vs. 81.3 kcal/ha-da. 
The advantage of the intercrops over the monocrop maizes in protein 
and, In two cases, energy productivity, necessarily resulted from higher 
rates of accumulation, because the growth cycles were of comparable 
length. 
Bean-favored vs. maize-favored systems Within the associated 
systems, the treatments may be categorized as favoring either the bean 
or the maize crop, depending on the relative contribution of each crop 
to the system total In energy and in protein (Table 17). 
Although the relative bean contribution varied between the two 
Indices, it is apparent that the bean crop was relatively favored In the 
open canopy treatments (4, 5 and 6) compared to the erect associations 
(l, 2 and 3). The closed canopy treatments were intermediate at the 
low population (7 vs. 1 and 4) and roughly equal to the erect associa­
tions at the higher populations (8 and 9, vs. 2 and 3). 
The LER's and protein yields realized by the Intercrops In the 
bean-favored treatments surpassed those of the comparable associations 
In the more maize dominant treatments (Table l4a). It Is, therefore, 
possible to achieve more efficient land use and to realize higher 
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Table 17. Relative contribution of the Type II bean component to 
energy and protein yields in intercrops of bean and maize 
BEAN CONTRIBUTION TO SYSTEM YIELD, 
TREATMENT ENERGY PROTEIN 
1 20.5 46.3 
2 12.2 31.8 
3 6.7 19.3 
4 33.1 62.5 
5 21.0 47.1 
6 16.2 39.3 
7 27.2 55.6 
8 11.2 29.5 
9 5.1 15.2 
^Calculated from Table l4a. 
^As defined in Table 13. 
protein productivity, by shifting the balance of resource use in favor 
of the bean. 
Energy productivity, however, was higher in the erect than in the 
open canopy intercrop at each population level (Table l4a). Because 
maize grain is produced over a longer growth cycle, and has a higher 
energy content than does the bean, 3.61 vs. 3-37 kcal/kg, respectively 
(N. C. State Univ., 1974), the canopy structure favoring the beans rela­
tive to the maize effectively lowered the energy yield of the whole 
system. 
The optimal resource distribution between the two crops Is thus 
dependent on the desired product — energy or protein. 
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However, ît is perhaps inappropriate to compare the erect treat­
ments (1, 2 and 3) with simply the open canopy treatments (4, 5 and 6), 
because the additional light energy supplied to the latter treatments 
had, in effect, been denied to the beans on the other side of the bent 
maize (7, 8 and 9). Therefore, a more realistic comparison on a land area 
basis, would be between the erect treatments and the average of the two 
bean treatments associated on either side of the bent maize (Table 18 ). 
Similar responses were expressed by the erect and bent systems in 
both the LER and protein productivity indices. In energy yield, however, 
the bent systems yielded substantially less than did the erect systems 
at all three population densities. 
The reason for this difference may be revealed by plotting the 
energy yield of the bean versus that of the maize (Fig. 13). Treatments 
falling to the right of the dotted line (3 and 6) are those which yield­
ed more than the highest yielding monoculture — in this case, the 
maize (25). Intercrop system overyielding increases with increasing 
perpendicular distance above the dotted line. 
Within each canopy structure, as maize population Increased, bean 
yield declined and maize yield increased disproportionately, resulting 
in higher energy yield by the system. The negative trend lines also 
reflect the increasing domination of the intercrop system by the maize 
component (Table 17). 
The trend lines for the erect and bent systems are nearly parallel 
and partly overlapping. Yet, when compared to the bent system values, 
the data points for the erect associations are consistently closer to the 
overyield line. The bending process reduced maize yields in the bent 
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Table 18. Relation between energy and protein yields realized in bent 
and erect systems of a Type II bean and maize® 
PRODUCTIVITY 
INDICES 
BENT RELATIVE 
ERECT SYSTEM 
TO 
, % 
BENT^ 
TRT LER 
ENERGY, 
Meal/ha 
PROTEIN, 
kg/ha 
ERECT^ 
TRT LER ENERGY PROTEIN 
4,7 114 13.6 514 1 0.97 0.84 0.97 
5,8 115 16.7 514 2 0.97 0.90 0.97 
6,9 135 19.8 551 3 0.94 0.87 0.94 
^As defined in Table 17. 
''Bent Treatment; composed of the two treatments associated on 
either side of the bent maize at each population; values for produc­
tivity indices are averages of the two treatments. 
^Erect Treatment, comparable to bent treatment. 
systems (e.g., 26 vs. 24, Table 14a), significantly in two of the three 
populations. The inherently lower potential for energy yield in the bean 
crop (p. 130) apparently prevented the beans from compensating adequately 
for the reduced energy yield of the bent maize. The net effect of the 
bending process was, therefore, to retard the tendency toward maize domi­
nation, and as the bean was unable to fully utilize the additional re­
sources, to reduce overall system productivity. 
A similar pattern is evident in the relation between the protein 
yields of the intercropped bean and maize (Fig. 14). In this case, how­
ever, the higher maize yields in the erect systems were more nearly com­
pensated for by the higher bean yields in the bent systems, because beans 
have a higher protein concentration than does maize. As a result, the 
trend lines for the bent and erect systems tended to be more parallel to 
the overyleld line, with a slight divergence as maize yield Increased and 
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Figure 13. Energy yields in monocrops and intercrops of a Type II bean cultivar and a brachytic 
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CLOSED ( )), and by maize population, which increased (20,000, 40,000 and 60,000 
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open and closed treatments; treatments above the dotted line produced more energy 
than did the most productive monocrop) 
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Figure 14. Protein yields in monocrops and intercrops of a Type II 
bean cultivar and a brachytic maize, ICA H-210, as 
affected by canopy structure (OPEN ( D ), ERECT ( O ), 
and CLOSED ( A )) and by maize population, which in­
creased (20,000, 40,000 and 60,000 plants per hectare) with­
in each canopy structure (BENT ( • ) is the average of the 
open and closed treatments; treatments above the dotted 
line produced more protein than did the most productive 
monocrop) 
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more resources were utilized. When bean protein increases exactly equal 
maize protein decreases, yield is maintained and the points fall on a 
line parallel to the overyield line. The closed canopy treatments are 
an example of nearly exact compensation between the bean and maize pro­
tein sources. 
Therefore, as the data points from the bent and erect systems fell 
on a line roughly parallel to the overyield line, the exchangeability of 
bean and maize protein sources was more equal, particularly at the lower 
maize populations. The tendency toward divergence at the highest maize 
populations, with the erect treatment (3) further displaced than the 
comparable bent treatment (6,9) reflects the higher yield potential of 
the erect system when resource use was maximal. 
in sum, increasing maize population density resulted in an increasing 
utilization of available resources, which served to increase maize yield 
and, thus, to increase total system yield of protein and energy. Open­
ing the canopy structure to enhance bean growth served to increase total 
system yield of protein, but not of energy, because maize yield was re­
duced by the bending process and the concomitant increase In bean yield 
did not compensate fully. 
Producti vi ty analyses. Type IV cultivar 
In terms of the LER and energy Indices, overall system productivity 
was generally lower in Type IV than In comparable Type I I systems, al­
though protein yield was higher In the Type IV systems (Tables l4a,b). 
As in the Type II treatments, the bent maize intercrops, which per­
mitted greater light penetration to the climbing beans (14, 15 and 16), 
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produced the highest bean yields, whereas the erect (11, 12 and 13) and 
closed canopy treatments (17» 18 and 19) produced similar bean yields 
(Table 14b). All of the associated beans yielded significantly less than 
the beans in the two monoculture treatments. The monoculture bean yields 
were representative of the potential of this cultivar, although higher 
yields have been reported (Francis et al., 1978a). Bean yields did not 
differ when the climbing beans were entrained either within or between 
the beds in monoculture. 
As with the bush beans, increasing maize population reduced bean 
yields within each canopy treatment, significantly so in most cases. The 
open canopy associations (14, 15 and 16) were least affected by increa­
sing maize population (14% vs. 40 and 42% in the erect and closed systems, 
respectively). 
Consistent with the trends reported for the Type 11 treatments, maize 
yields were inversely related to bean yields. Highest maize yields were 
realized in the erect intercrops (11, 12 and 13), whereas the bent maize 
yielded significantly less than the erect maize at each population. 
Unlike the situation with the bush bean, however, the climbing beans 
appeared to have influenced the bent maize yields independently of the 
bending process itself. Bent monoculture maize at 40,000 plants per 
hectare (26) yielded 3755 kg/ha, whereas the comparable bent associated 
maize (18) managed only 1872 kg/ha, a 50% reduction. The maize inter­
cropped with the Type IV beans produced yields from 26 to 62% lower than 
those in the comparable bush bean treatments. Conversely, however, the 
climbing bean yields were less affected by the associated maize than were 
those of the comparable bush beans (Table l4b). 
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In contrast to the situation in the bush bean association, where one 
crop was clearly the aggressor, the two crop components appeared to be 
more evenly matched in the artificially supported climbing bean associa­
tions. Each crop clearly depressed yield in the other, and as will be 
shown, reduced overall system productivity compared to the bush bean 
associations, especially in the LER and energy indices. 
The more dominant character of the artificially supported climbing 
beans, compared to the bush beans, could have resulted either from spatial 
differences in resource competition between the two growth habits --
including the physical location of the leaves — or directly from the 
longer growth cycle of the climbing habit — 90 days versus the 75 days 
cycle of the bush bean. These possible causes of maize yield depression 
may be partly distinguished by comparing the average rates of yield for­
mation in the bush and climbing bean intercrops. 
Climbing bean protein and energy gains were less affected by the 
maize on an average daily basis than were those in the bush beans (Tables 
19 and 16, respectively). Expressed as a percentage of the values mani­
fested by the respective monoculture beans, the rates of protein and 
energy gain were reduced by an average of 54% in the bush bean, compared 
to 44% in the climbing bean. Conversely, the maize associated with the 
bush beans accumulated both energy and protein at an average rate nearly 
twice that of the maize in the comparable climbing bean associations. 
These trends suggest that the competitiveness of the climbing bean was 
not closely related to its longer life cycle, but may have resulted from 
the unique, spatial characteristics of its growth habit. 
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Table 19. Comparison of average daily rates of accumulation of protein 
and energy in monocrops and intercrops of a Type IV bean 
cultivar and a brachytic maize® 
P R 0 T E 1 N, kg/ha* day E N E R G Y, kcal/ha'day 
TRT*' BEAN MAIZE SYSTEM^ RANK BEAN MAIZE SYSTEM^ RANK 
11 5.5 1.2 6.7 5 74.2 55.5 129.7 8 
12 3.8 2.2 6.0 6 51.7 100.3 152.0 5 
13 3.3 2.6 5.9 7 44.9 118.0 162.9 4 
14 6.5 0.7 7.2 3 88.1 30.1 118.2 9 
15 6.2 1.3 7.5 2 84.0 56.3 140.3 6 
16 5.6 1.4 7.0 4 75.6 63.9 139.5 7 
17 5.3 0.7 6.0 6 71.3 30.1 101.4 13 
18 3.9 1.3 5.2 8 52.0 56.3 108.3 11 
ii 3.1 L4 4.5 9 41.5 63.9 105.4 12 
X 4.8 1.4 6.2 64.7 63.8 128.6 
21 2.6 3.4 6.0 6 35.7 153.5 189.2 1 
Monocultu res: 
20 8.5 8.5 1 114.8 114.8 10 
23 2.6 2.6 12 118.5 118.5 9 
24 3.6 3.6 11 163.4 163.4 3 
25 3.7 3.7 10 166.5 166.5 2 
^''^'^As defined in Table 16. 
The most intriguing result of this analysis was the excellent per­
formance of the maize-entrained bean treatment (21), particularly in the 
LER and energy indices (Table l4b). In this canopy structure, the maize 
appeared to retain the dominant position, just as in the bush bean 
associations. Maize yield was not significantly affected by the associa­
ted climbing beans, whereas bean yield was reduced to 31% of that in 
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monoculture, an even larger reduction than that expressed by the bean 
in the closed canopy treatment (18). The maize-entrained treatment pro­
duced 53% more maize yield and 31% less bean yield than did the compara­
ble erect association where the beans were artificially supported (12). 
The only difference between treatments 12 and 21 was in the location of 
the bean leaf display. 
These data are consistent with the hypothesis that the stronger maize 
yield depression in the artificially supported bean intercrops resulted 
from light interception by the lateral leaf display of the climbing 
beans. The intercepted light not only would have been denied to the maize 
but would have stimulated bean growth and nutrient demand, possibly en­
hancing the competitive status of the bean in nutrient and water inter­
actions. In contrast, the low bean and high maize yields realized in 
the maize-entrained climbing bean treatment (21) imply a more centralized 
and weakly competitive bean leaf area display. This suggestion is 
tested in the final trial. 
Monoculture vs. associated systems Apparently, due to the com­
petitive effect of the artificially supported climbing bean, both the 
bean and the maize monocultures tended to rank higher than in the bush 
bean comparisons. Five of the ten intercrops were able to use the land 
more efficiently than either monocrop, but only two (13 and 21) had 
LER's substantially higher than 100. The most efficient use of land 
was observed in the maize-entrained intercrop (21), a canopy structure 
which also produced the highest energy yield (Table l4b). 
The monocrop beans produced the highest protein yield, 7% more than 
that in the highest ranking intercrop (15) and 73% more than that in the 
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most productive maize monocrop (25)' The protein yield of the maize-
entrained intercrop (21) was 16% lower than that of the monocrop bean. 
The greater competition between the maize and the artificially 
supported beans reduced maize yield, and thus, energy yield in the inter­
crops to below those in the highest yielding monocrop maize (25). The 
intercrop in which the maize was least affected by the associated bean 
(21) produced the highest energy yield, 8% more than the most productive 
maize monocrop and 109% more than the monocrop bean. 
As with the Type II beans, the confounded effect of variable length 
growth cycles can be separated from potential differences in resource 
use efficiency among monocrop and intercrop systems by calculating aver­
age rates of yield formation over the growth cycle. 
On a system basis, the highest daily rate of protein gain was ex­
pressed by the monoculture bean, and the lowest rates were observed in 
the monoculture maizes (Table 19). The climbing bean life cycle of 90 
days, although shorter than the 120 days available to the intercrops, 
was still sufficient to allow the accumulation of the highest protein 
yield of all systems, due to the high average daily rate of protein gain 
(Table 19). The monoculture climbing bean protein yield (766 kg/ha) 
exceeded that of the monoculture bush bean (452 kg/ha) due to a higher 
average rate of protein gain (8.5 vs. 6.0 kg/ha-day, respectively) and to 
the maintenance of that higher rate over a longer interval. 
The maize-entrained intercrop (21) manifested the highest rate of 
energy gain, exceeding that in the highest ranking monoculture maize by 
14% and that in the monoculture bean by 65%. Therefore, when compared 
to that of the intercrops, the low energy yield of the climbing bean 
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monoculture (Table l4b) cannot be attributed simply to its shorter life 
cycle, but also, to its low rate of energy gain. Even if the life cycles 
of the intercrops and monocrop beans had been equal at 120 days, and the 
bean had maintained a constant rate of energy gain (unlikely), the re­
sultant bean energy yield of 13.8 Mcal/ha would have been surpassed by 5 
of the 10 intercrops and by all of the monocrop maizes. 
The rate of energy gain in the highest yielding monocrop maize 
exceeded that in the monocrop beans by 45%, a lesser margin than that 
with the bush beans (p. 129) because the potential for daily energy and 
protein gain in the climbing beans was 52% larger than that in the bush 
beans. Thus, the monoculture Type IV bean, in addition to exploiting 
resources over a longer growth cycle, accumulated both protein and energy 
at faster average daily rates than did the bush bean. However, this 
high potential in the climbing bean habit was realized only when the bean 
leaf profile was optimally displayed on an artificial trellis structure. 
When the climbing bean was entrained within the maize canopy (21), its 
rates of protein and energy gain exceeded those of the comparable bush 
bean (2) by only 15%. 
The yield advantage of the intercrops over the monocrop maizes in 
protein, and in one case, in energy (Table l4b), resulted from higher 
average daily rates of accumulation. 
Bean-favored vs. maize-favored systems Using the same strategy 
applied to the bush beans (p. 129), the Type IV associations may be 
characterized as favoring either the bean or the maize component 
(Table 20). 
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Table 20. Relative contribution of the Type IV bean component to 
energy and protein yields in intercrops of bean and maize 
BEAN CONTRIBUTION TO SYSTEM YIELD. 
TREATMENT*' ENERGY PROTEIN 
11 50.1 77.0 
12 27.9 56.9 
13 22.2 48.9 
14 68.7 88.0 
15 52.8 79.0 
16 47.0 74.8 
17 64.0 85.6 
18 40.9 69.8 
19 32.8 62.0 
21 14.8 36.8 
^'^As defined in Table 17-
In the artificially supported systems (11 through 19)» beans account­
ed for a much larger proportion of overall system productivity than in 
either the bush (Table 17) or maize-entrained climbing bean associations 
(21). This reorientation of crop dominance resulted both from increased 
bean yields and from decreased maize yields In the Type IV systems when 
compared to the Type 11 systems. 
Within the Type IV associations, the bean contribution was especial­
ly large in the bent maize system, since the low maize yields in these 
systems reflected not only the effects of the bending process but also 
that of the associated beans. Accordingly, the largest maize contribu­
tion was found in the erect intercrops (11, 12 and 13) and In the maize-
entrained treatment (21). 
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In the Type II systems, energy yield tended to be associated with 
maize dominance, whereas protein yield was higher in the bean-favored 
systems. A similar trend was observed among the climbing bean intercrops, 
with the highest energy yield derived from treatment 21, where the maize 
was most dominant. The highest protein yields were achieved by the open 
canopy intercrops, where the bean was most favored. Between these two 
extremes, however, the analogy did not hold. Beans contributed a higher 
proportion of both energy and protein in the closed than in the erect 
canopy treatments, yet higher yields of both energy and protein were 
achieved in the erect treatments. It is suggested that highest yields 
may be obtained when one of the two crop components is clearly dominant, 
and that when the crop components are more equal, direct competition is 
enhanced and system yield is reduced more than when a dominant-suppressed 
relationship occurs. 
Most efficient use of land was realized in the Type IV systems where 
the maize was most dominant (13 and 21), whereas high LER's tended to 
be associated with the more bean-favored systems in the Type II compari­
sons. Interestingly, the highest LER in the bush bean systems, 144 in 
treatment 6, was achieved when the bean contributed 16.2% and 39.3% of the 
system yields of energy and protein, respectively. In the climbing bean 
systems, values of 14.8% and 36.8% for energy and protein, respectively, 
were associated with the highest LER, 123 in treatment 21. The corres­
pondence between the values in these two systems suggests that the optimal 
balance of crops for the most efficient land use may occur when the bean 
contributes roughly 15% of the energy and 38% of the protein of the crop 
system. 
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As with the Type II beans, the erect Type IV systems may be compared 
most appropriately with the average of the two bent systems (Table 21). 
The correspondence between the bent and erect systems is especially poor 
in the LER and energy Indices, due to the low maize yields realized in 
the bent systems. Most efficient land use (LER) was associated with 
maize dominance In both the bush and climbing bean systems. 
The trends noted among the energy yields of the Type II beans and 
maize were also evident in the Type IV treatments (Fig. 15). Only the 
maize-entrained intercrop fell above the overyield line, however, con­
sistent with the relatively lower yields exhibited by the Type IV 
intercrops. 
The competitive effect of the artificially supported climbing bean 
is apparent in the distance between the intercrop trend lines and the 
overyield line. The bent system intercrops, in which the maize yields 
were reduced by both the associated bean and the bending process, were 
displaced furthest from the overyield line. Because the maize in the 
erect treatments was affected only by the associated beans and not by 
the bending process, erect system energy yields more closely approached 
overyielding. 
Nonetheless, the competition by the associated climbing beans was 
still sufficient to reduce maize energy yields in the erect treatments 
beyond the capacity of the bean to compensate, depressing system yields 
below those in comparable bush treatments (Tables l4a,b). Only when the 
maize retained the dominant position — treatment 21 — was overyielding 
possible, supporting the hypothesis that highest yields may be obtained 
when the crop components maintain a dominant-suppressed relation. 
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Table 21. Relation between energy and protein yields realized in bent 
and erect systems of a Type IV bean and maize^ 
PRODUCTIVITY BENT RELATIVE TO 
INDICES ERECT SYSTEM. % 
BENT^ ENERGY, PROTEIN, ERECT^ 
TRT LER Meal/ha kg/ha TRT LER ENERGY PROTEIN 
14,17 CO
 
10.8 612 11 0.89 0.81 0.95 
15,18 93 12.9 604 12 0.89 0.77 0.99 
16,19 89 12.9 561 13 0.81 0.71 0.92 
defined in Table 18. 
As observed in the Type II beans, the canopy structure trend lines 
for bean and maize protein yields were more nearly parallel to the over-
yield line (Fig. 16). However, whereas all of the Type II intercrops 
were above the overyield line, all of the Type IV intercrops were below 
it, reflecting the rankings presented in Tables l4a and l4b. Although 
the points for the bent and erect treatments do not fall on the same 
line, the perpendicular displacement of comparable treatments (e.g., 1 vs. 
4,7) is similar. Thus, although the proportions of the system protein 
yield contributed by the bean and maize were different in the bent and 
erect treatments, system protein yield was little affected. 
Summa ry 
The canopy structure and maize population variables served to alter 
the distribution of resources between the intercropped bean and maize, 
in addition to modifying total resource availability and system yield. 
Cropping systems were then compared, using the LER and energy and protein 
yields as indices of productivity, with the following conclusions: 
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,1. Eight of the nine bush bean intercrops and five of the ten climbing 
bean intercrops used the land more efficiently than either monocrop. 
This was a surprising finding because several of the intercrops were at 
suboptimal populations. If the bush bean monocrop yield had been higher, 
and If a more competitive maize had been used, It is probable that the 
yield rankings and LER's would have differed. 
2. In both the bush and climbing bean comparisons, highest energy yield 
was produced by intercrops (3 and 21, respectively). Highest protein 
yield came from an intercrop (6) In the bush bean comparisons and from 
the monocrop bean (20) In the climbing bean treatments. When resource 
use was optimal, the top ranking bush and climbing bean intercrops dif­
fered little in either energy or protein productivity. 
3. System energy yield was most responsive to maize yield, generally 
increasing as maize population increased and decreasing when the maize 
was disadvantaged by bending or artificially separating the climbing 
bean from the maize canopy. When maize yield was reduced, system energy 
yield suffered because the beans were unable to compensate, having a 
shorter life cycle and accumulating energy at a lower average daily 
rate. 
4. Protein yield was much less responsive than was energy yield to 
either the canopy structure or maize population variables. The higher 
grain yield potential of the maize was generally counterbalanced by the 
higher protein content of the beans, resulting In modest changes In 
system protein yield among treatments within either growth habit. 
5. It Is suggested that highest yields could be derived from Intercrops 
In which one crop is clearly dominant over the other, as In treatments 
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1 through 10 and 21. When the height and leaf area displays of the crop 
components were more nearly equal, as in treatments 11 through 19, com­
petition was enhanced for both components and system yield was reduced 
accordingly. Based on the treatments producing the highest LER's in 
each of the bush and climbing bean treatments (6 and 21, respectively), 
I conclude that the optimal balance of resource use under these growing 
conditions may occur when the bean component contributes roughly 15% of 
the energy and 38% of the protein of the crop system. Both treatments 
6 and 21 ranked well in all three indices of productivity. 
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PATTERNS OF RESOURCE USE 
Introduction 
Temporal aspects of resource competition were emphasized In this 
study. I hypothesized that the temporal overlap in the resource demands 
of the bean and the maize limits bean growth and yield, with the extent 
of the limitation depending on the extent of the overlap. In this con­
text, it was of especial Interest to contrast the Indeterminant bush and 
climbing habits, to relate differences in the length of their growth 
cycles, 80 and 92 days, respectively, to differences in their responses 
to associated maize. 
This hypothesis was tested by assessing plant growth dynamics in a 
series of green harvests taken at regular intervals. Trends in the rates 
of accumulation of dry weight and nutrients with time were compared In 
monocultures and associations of maize and bean. Due to ambiguities In 
the results of the light measurements In the previous trial, the method­
ology was modified and the measurements were repeated. 
Procedures 
As In the previous trial, P566 and P364 were selected to represent 
the Type II and IV growth habits, respectively. A vigorous, medlum-to-
tall maize cultlvar, 'Suwan-1', was chosen to provide both strong com­
petition and adequate support for the climbing bean. 
Unusually early, heavy rains (Fig. 1) delayed fieldwork and resulted 
In a late planting on 28 April 1978. The seed was planted Into wet soil 
and 28 April was counted as Day 1. Six treatments were established In 
four randomized complete blocks: monocultures and associations of maize 
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with the two bean cultivars, as well as monoculture maize at two popula­
tions, 40,000 and 55,000 plants per hectare, the first being that used 
in the associations, and the second being the optimal for maize yields. 
The monoculture climbing bean was supported to a height of 2 m, the 
anticipated mature height of the maize. 
Plots were 8.5 m long, oriented in a north-south direction, and 23 m 
(beds) wide, to permit weekly sampling with adequate borders between 
2 harvested areas. Green harvest samples were 1 m , located in alternate 
rows and staggered so that sampled areas were separated by 3 m laterally 
and by 2 m within the same row. Treatment plots were bordered by 1.5 m 
on the ends and by 2 m on the sides, leaving an effective plot size of 
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104.5 m and occupying a total area of 0.55 ha. 
In this trial, micronutrients were supplied prior to planting, by 
mixing 25 kg/ha of ZnSO^ (5.8 kg/ha Zn), 7 kg/ha of Rayplex (0.7 kg/ha 
Fe) and 5 kg/ha of Borax (0.7 kg/ha B) with the preplant fertilizer, 
24.0, 10.5 and 20.0 kg/ha of N, P and K, respectively. Boron toxicity 
symptoms were evident in the bean seedlings immediately after emergence. 
The rains were heavy during early growth, however, effectively leaching 
out the boron and limiting the damage to only the primary leaves. Sub­
sequent growth was normal, and thinning to optimal populations (Table 2) 
was completed by Day 19. 
The reticular veination characteristic of Problem X (p. 69) was evi­
dent in the bush cultivar starting at flowering (37 days) and seemed to 
intensify around 54 days when leaf deformation was observed. It was not 
possible to relate these foliar symptoms to any irregularity in reproduc­
tive growth. 
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Apparently due to prolonged heavy rains during the first 30 days of 
plant growth (Fig. 1), the maize failed to develop an adequate root 
support system (J. B. Barnett, Maize Breeder, C.I.A.T., 1978, personal 
communication) and began to lodge starting at 40 days. As extra land had 
been planted to allow for such contingencies, it was possible to avoid 
lodged areas when sampling, and the green harvest data did not show 
unusual variation. 
Data col lection 
Plant measurement A total of nine bush bean and ten climbing 
bean harvests, including those for final yield, were made at 6 to 8 day 
intervals, starting at 26 days. A systematic randomization plan was 
used to select the harvest subplot each week. At each harvest, bean 
tissue was separated into blade, structural and reproductive components 
and the numbers of plants, nodes, racemes and pods (longer than 5 cm) 
were recorded. Fertile ears were counted on the maize plants, and the 
maize tissue was separated into blade (cut off at the ligule), stalk, 
tassel and ear portions. All plant parts were dried to constant weight 
and weighed after equilibrating to ambient air temperature. 
Leaf area was estimated by measuring the area of a subsample of 20 
trifoliate bean leaves or thirty, 15~cm long sections of maize leaf, 
chosen at random from each sample. The area of the blade subsample, de­
termined on a Hayashi Denko AM 400 leaf area meter, was divided by its 
2 dry weight to form a conversion factor (cm area/g dry weight) for cal­
culating the leaf area of each sample. 
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Final yield harvests were made at 80 days for the bush bean, 32 
days for the climbing bean and at 126 days for the maize. The yield 
2 2 
sample was taken from an area of 16.5 m , and a 2 m area was harvested 
for the bean yield component analysis. Bean plant dry weight was par­
titioned into structural, seed and podwall components (residual leaf 
blade and petiole tissue was discarded). Four subsamples of 100 seeds 
were withdrawn from the grain yield sample to estimate hundred seed 
weight. Counts were made of plant, node, raceme and pod numbers. 
Light measurement Light energy was measured for seven, 24-hour 
periods during the podfilling interval (from 50 to 75 days). One repli­
cation of each of the six treatments was measured on each day, and the 
readings were standardized as a percentage of full sun received on each 
day. Of the four treatment blocks, three were measured twice and one was 
measured once. In the twice-measured blocks, the readings were taken at 
different locations each time. The locations were chosen at random with­
in each plot, taking care to avoid borders and lodged areas. 
Light energy was quantified at 105 and 135 cm aboveground, the former 
being above the maximal extension of the bush canopy and the latter being 
within the podbearing zone of the climbing cultivar. The wooden bars 
(p. 63) which contained 10 light-sensing packets each, were sited indepen­
dently for each height, generally in different rows within the same plot. 
The bars were placed on moveable bamboo stakes which were positioned 
in the center of the furrow and imbedded to achieve the specified above-
ground heights and to maintain the bars level to the ground and parallel 
to the rows. 
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As no consistent trends were observed with time or with treatment 
block, the seven measurement dates were considered replications. 
Nutrient measurement After drying and weighing, the leaf blade, 
structural and reproductive components of each crop were individually 
ground on a large Wiley mill. A homogeneous sample was taken from the 
coarsely ground tissue, redried, and reground to pass through a No. 20 
mesh filter fitted to a smaller Wiley mill. This double grinding insured 
that representative samples were taken from each component. The dry, 
finely milled samples were stored in sterile plastic containers until 
analyzed, generally within two or three months from the harvest date. 
Total nitrogen was determined using the microkjeldahl procedure. 
The Brays No. 11 method was used to estimate phosphorous, and potassium 
was measured by the perchloric nitrate method. All analyses were done 
by the personnel of the Soil Laboratory at C.i.A.T. 
Results and Discussion 
Temporal aspects of resource competition were examined by comparing 
the dynamics of resource acquisition and loss in monocrops and Intercrops 
of bean and maize. The potential for vegetative and reproductive growth 
was assessed by means of the numerical growth indices, node and pod num­
ber, respectively. Vegetative structure and leaf number are directly 
dependent on node number, whereas pod number is closely related to yield 
in beans (C.i.A.T., 1975). Realization of the growth potential implied 
by the numerical indices was evaluated by following the changes with 
time in leaf surface area and In pod dry weight as indices of source and 
sink activity, respectively. 
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Light energy was measured to contrast the growth environments of 
the bean cultivars. Maize growth was evaluated as a complement to the 
measurement of bean responses to the intercropped maize. 
Simple resource accumulation curves are useful for comparing the 
gross cumulative effects of treatments. However, the time-varying nature 
of growth is better reflected in the rates of change in resource alloca­
tion throughout the plant growth cycle. Growth rate curves can thus be 
used to see how the activity of a given organ system (leaf blades, 
structural and reproductive components) changes with time as well as to 
compare organ function either within or between treatments. 
The observed differences in growth strategy between beans of the 
bush and climbing habits may explain the more depressive effect of maize 
on the Type IV versus the Type 11 bean. 
Bean growth potential 
Growth and yield responses of the Type II and IV bean cultivars 
grown in monocultures and in association with maize were compared using 
the contrasts presented in Appendix Table 35. Actual data and statis­
tical comparisons are shown in Appendix Tables 36, 37 and 38. 
Numerical indices Cumulative curves of node, raceme and pod 
number are presented in Figures 17a and 17b for the Type II and IV bean 
cultivars, respectively. In both growth habits, node accumulation pat­
terns followed the same general trend, rising to maximum values at 54 
days and falling afterwards. Node abscission involves the sloughing of 
structural tissue at the tips of the branches and main stems and, as 
will be discussed later (p. 164), appears to be a response to the 
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Figure 17. Accumulation and loss of nodes ( # , O ), racemes ( A > A ) and pods ( H , Q ) 
with time, in a) Type II and b) Type IV bean cultivars, grown in monoculture (shaded 
symbols) and in association with maize (open symbols) 
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cessation of reproductive activities. 
The climbing cultivar accumulated significantly more nodes than did 
the bush cultivar at each measured date in monoculture and also, with 
the exception of the first date, in association. The higher node count 
of the climbing bean in both cultural systems reflects its greater poten­
tial for physical extension and resource exploitation. 
The bush cultivar responded to the associated maize with an early 
reduction in vegetative growth. Node number in the associated bush bean 
was significantly lower than that in monoculture from 47 days onward. 
Maximum node number in association was some 21% lower than that in mono-
culture (427 vs. 543 nodes/m ), a ratio which persisted until the final 
harvest at 80 days, when the associated bush bean had retained 269 
2 2 
nodes/m compared to 361 nodes/m in monoculture - a difference of 26%. 
In the associated climbing cultivar, however, node production was 
only moderately reduced during early growth, and differed significantly 
from that in monoculture only at 40 days. Identical node maxima, 709 
2 
nodes/m , were achieved by the climbing cultivar in both systems. Node 
numbers retained at the final harvest at 92 days were comparable In 
association and in monoculture, 458 and 496 nodes/m , respectively. 
Therefore, in responding to the intercropped maize, different types 
of vegetative strategies may be discerned, with that of the bush habit 
being one of early restraint, whereas that of the climbing cultivar was 
one of persistence in establishing a complete nodal structure. This per­
sistence in establishing nodes contrasted markedly with significant 
reductions in leaf area index and in total dry weight and pod dry weight, 
which started at 54, 40 and 60 days, respectively in the climbing bean. 
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In the bush bean, the number of pod bearing racemes increased to a 
maximum of 121 and 80 racemes/m at 54 days in monoculture and in associ­
ation, respectively (Fig. 17a). At 54 days, the climbing and bush culti-
vars did not differ significantly in accumulated racemes in either system. 
However, raceme number, which stabilized or declined in the bush cultivar 
after 54 days, continued to increase for one additional week in the climb-
2 
ing bean, achieving maxima of 170 racemes/m In monoculture and 123 
2 
racemes/m in association. The additional week of reproductive growth 
resulted in the generation of 40 and 54% more racemes than the maxima 
attained in the monoculture and associated bush bean, respectively. 
The patterns of establishment of pod bearing potential were paral­
leled by the dynamics of pod accumulation In both cultivars. Maximal pod 
numbers of 232 and 123 pods/m In monoculture and in association, respec­
tively, were attained at 54 days in the bush cultivar. At this time, pod 
numbers in the climbing and bush beans were not significantly different 
in either cultural system. An additional week of pod accumulation in the 
climbing bean, however, produced pod maxima of 380 and 233 pods/m In 
monoculture and association, respectively. The pod load set by the 
climbing cultivar exceeded that in the bush bean by 64% in monoculture 
and by 89% in association. 
The reproductive response of the climbing cultivar to Intercropped 
maize paralleled that of the bush bean, with significant reductions in 
both raceme and pod numbers starting at 54 days (Fig. 17b). In general, 
however, pod and raceme numbers tended to stabilize with time. Differen­
ces after 54 days in either raceme or pod number generally reflected the 
Initial curtailment of reproductive growth. 
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The climbing cultiver produced significantly more nodes, racemes 
2 
and pods per m in both cultural systems at most harvest dates. How­
ever, the higher yield potential inherent in the larger sink and source 
capacities of the climbing bean was not entirely realized in either 
cultural system, due to subsequent large losses of both nodes and pods 
(Table 22). 
Excessive generation of nodes and pods represents a wastage of 
scarce resources and may enhance intraplant competition. The late-
formed nodes, being quickly abscised, contributed to neither leaf area 
expansion nor to pod retention. Furthermore, the abscission of 20 to 
30% of the pod load reflected a substantial resource drain because the 
abscised pods were all 5 cm in length or longer. Abscission of smaller 
pods, although not counted, would have been even larger. 
Intercropping, which further limited bean growth, stimulated node, 
raceme and pod losses in both cultivars (Table 22). imposition of an 
environmental stress, especially one which increased with time as the 
maize grew, could have acted to imbalance the relation between sink and 
source capacities, resulting in increased pod loss. The climbing bean 
responded to the associated maize with relatively higher pod losses than 
did the bush bean. I interpret these patterns of node and pod loss as 
an indication that source and sink activities were less well-balanced in 
the climbing than in the bush bean, in monoculture as well as in 
association with maize. 
Numerical dynamics Rates of change in nodes, racemes and pods 
over time in the Type II and IV cultivars are presented in Figures 18a 
and l8b, respectively. Values calculated over the weekly harvest 
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Table 22. Node, raceme and pod numbers at the time of maximal accumu­
lation and at the last green harvest, in Type II and IV bean 
cultivars grown in monoculture and in association with maize 
NUMERICAL PARAMETER, 
2 
no/m 
CULTURAL^ MAXIMUM^ LAST GREEN^ NUMERICAL 
SYSTEM HARVEST LOSS, % 
11 IV 1 1 IV 1 1 IV 
Node M 543 709 452 548 17 23 
A 427 709 349 453 18 36 
Raceme M 121 170 115 169 5 1 
A 80 123 55 104 31 15 
Pod® M 232 380 216 297 7 22 
A 123 233 98 159 20 32 
^Cultural systems are designated as M (Monoculture) and 
A (Association). 
^Achieved at different dates, see Figs. 17a,b. 
^At 75 days in Type II and at 82 days in Type IV bean; selected 
because of the ready loss of structural material during the final 
drying process. 
'^Calculated as (maximal number - number at last green harvest)/ 
maximal number. 
®Pods were counted when they were 5 cm in length or longer. 
intervals are plotted at mid week and are referenced by the "week center 
ing on" (WCO) or mid week value. For example, values at day 30 pertain 
to the week from 26 to 33 days. 
Type II cultivar Maximum rates of increase in node number 
2 
occurred in the WCO 30 days, by which time 313 and 323 nodes/m had been 
accumulated by the associated and monoculture beans, respectively. Sub­
sequent rates of change in node number followed similar patterns in both 
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Figure l8a. Rate of change in nodes (O O), racemes (A — A) and 
pods (• •) with time, in a Type II cultivar grown in 
a) monoculture and b) association with maize 
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Figure l8b. Rate of change in nodes (O O), racemes (A—A) and 
pods (• •) with time, in a Type IV cultivar grown in 
a) monoculture and b) association with maize 
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cultural systems, including a reduction in node production rate in the 
WCO 37 days. Flower appearance occurred at 37 days in both systems. 
This reduction was followed by resumption of a higher rate of node pro­
duction in the next week in both systems. 
Following the secondary maximum at WCO 44 days, node production rate 
dropped sharply and linearly, becoming negative, indicating node loss, 
after WCO 50 days. Node production was positive for four measured weeks, 
2 
resulting in node maxima of 427 and 543 nodes/m in association and mono-
2 
culture, respectively. Of the 116 nodes/m difference, 75% was accounted 
for by branch nodes (not shown) which were sharply reduced in association. 
Pod and raceme accumulation was positive for two measured weeks in 
both cultural systems. Rates of gain in pod number were high for both 
weeks in monoculture, whereas the associated bean was marked by lower 
and declining rates of gain over the two weeks. Rates of pod loss in 
subsequent weeks were larger in association than in monoculture. 
Highest rates of node loss occurred in WCO 57 days, coinciding with 
the first week of pod and raceme loss in both cultural systems. After 
one week of node loss, node number stabilized. 
Type IV cultivar The relationship of node production rate 
with time was basically the same in the Type IV beans as in those of 
the Type II habit. Highest rates of increase occurred in the first sam­
pled week (Fig. I8b), by which time 401 and 453 nodes/m^ had been accumu­
lated by the associated and monoculture beans, respectively. Following 
this, the rate of node increase fell nearly linearly in monoculture, be­
coming slightly negative by WCO 57 days. In association, after the 
Initial high rate of node increase, the node production trend stabilized 
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2 for three weeks near the rate of 15 nodes/m «day, during which time the 
monoculture rate continued to fall. 
Of the reduced rate of node production noted at WCO 37 days in the 
Type II bean, a hint is evident in the associated Type IV bean but not 
in the monoculture bean. Flowering occurred at 40 days in both the 
associated and monoculture Type IV beans. 
As in the Type 11 beans, node production was positive for four 
measured weeks In both cultural systems and although the monoculture 
beans tended to produce their nodes earlier than the associated beans, 
both attained identical node maxima at 54 days. Greatest rates of node 
loss occurred at WCO 57 days in association and at WCO 64 days in monocul­
ture. Heavy node loss continued for two successive weeks in association. 
Although the high rate of node loss coincided with the first week of pod 
and raceme loss in monoculture, heaviest node loss in association pre­
ceded pod and raceme loss by one week. 
The time of onset of competition between vegetative and reproductive 
growth processes determines the maximal vegetative structure or source 
capacity and, consequently, determines the sink or yield potential as 
well. Node generation overlapped with pod growth by two weeks in the 
beans of both habits, in both cultural systems (Figs. l8a,b). The rela­
tive magnitude of the overlap was more pronounced, however, in the climb­
ing bean, especially in association (Table 23). Greater infringement of 
vegetative activities into the reproductive cycle would result in greater 
intraplant competition for resources. 
The rate of change in node number after the attainment of maximum 
node number appeared to be related to pod and raceme dynamics. In every 
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Table 23. Absolute and relative gain in node number after the onset of 
pod growth in Type II and IV bean cultivars grown in mono­
culture and in association with maize 
CULTURAL 
SYSTEM TYPE 
NODE GAIN,® 
no/m^ 
NODE GAIN,b 
% 
Monoculture 1 1 24 4 
IV 49 7 
Association 11 11 3 
IV 92 13 
^Between the onset of pod growth and the attainment of maximum 
node number. 
Node gain as a proportion of the node maximum at 54 days. 
case except that of the associated Type IV bean, node loss began in the 
same week as did pod and raceme loss (Figs. I8a,b). The cessation of 
reproductive activities, as Indicated by the levelling off In pod num­
ber, was associated, perhaps causally, with node abscission. Node reten­
tion may have depended on the duration of the flowering interval, which 
lasted from 37 to 50 days in the Type II and from 40 to 60 days in the 
Type IV bean. 
I hypothesize that node abscission serves to prune back the upper 
vegetative structure of the plant, potentially increasing light trans­
mission Into the lower and middle canopy. Based on the sequential nature 
of node generation — with new nodes being supported by older nodes — I 
am assuming that the abscised nodes corresponded most closely to the 
upper canopy in the beans of each habit. As will be discussed later 
(p. 235), the upper canopy of both the bush and the climbing bean support­
ed little or no reproductive load. Thus, maximizing light interception 
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by the leaves of the lower and middle canopy — the zone which sustained 
the bulk of the pods — could be an adaptation or "strategy" which allows 
maximum reproductive growth in an increasingly shaded environment. 
To summarize, plant growth may be visualized as a process of dynamic 
equilibrium between two competing functions of vegetative and reproduc­
tive growth. In the Type II habit, the balancing appeared more finely 
tuned, so that the amplitude overproduction in both node and pod genera­
tion was minimized, even under the stress of intercropping. The Type IV 
bean, however, represented an exploitative habit more suited to respond­
ing to adverse conditions. As such, under the controlled conditions of 
this study, greater overproduction occurred in both functions in the 
climbing cultivar, especially when subjected to the increasing stress of 
intercropping. 
It is recognized, however, that in a less than optimal environment, 
particularly one characterized by temporary resource shortages, as in 
areas of uncertain rainfall, the more flexible Type IV habit would likely 
be better adapted to compensate for lost pods and to maintain yield 
stability. The longer flowering and podfilling intervals and the pro­
longed vegetative growth of the Type IV bean are phenological investments 
which minimize the potential yield reduction resulting from a short term 
stress. The nutrient and energy cost of these investments, however, is 
large, as manifested in the large scale node and pod abscission which 
occurred when the environment was optimal and stable. 
The shorter growth cycle and reproductive phases of the bush bean, 
however, limit its capacity to set new pods and to maintain yield if 
reproductive growth is interrupted for even a day or two during critical 
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phases (D. R. Laing, Bean Physiologist, C.I.A.T., 1978, personal commu­
nication). Carefully managed environments would be best suited to the 
bush bean. 
Realization of bean growth potential 
Source activity In the Type II cultivar, accumulation and loss 
of leaf area followed the same basic trend in both cultural systems 
(Fig. 19; Appendix Table 37). LAI maxima of 3-5 and 5.I in association 
and monoculture, respectively, were attained at 47 days from planting, 
after which leaf area declined in an essentially parallel fashion, reach­
ing LAI values of 0 and 0.5 at 75 days. 
The LAI maxima generated by the Type IV cultivar, 5.0 and 6.4 in 
association and monoculture, respectively, were significantly higher than 
those in the comparable bush bean treatments. In the Type IV bean, 
maximum LAI was attained at 47 days in association and at 60 days in 
monoculture (Fig. 19). 
Although the climbing bean cultivar produced significantly more 
nodes than did the bush cultivar In both cultural systems, throughout 
the growth cycle, the leaf area indices did not differ between cultivars 
until 54 days. Differences in individual leaf size or in leaf number 
as inferred from node number, could account for these trends. 
The separate contributions of leaf number and individual leaf size 
to overall leaf area expansion can be estimated from Figure 20. Because 
a node supports only one leaf at a time, the calculated average leaf 
area per node is a rough index of individual leaf size, at least up until 
the attainment of maximum LAI. I assume that leaf senescence, which 
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Figure 19. Bean leaf area index with time in a) Type II and b) Type IV bean cultivars grown in 
monoculture (shaded symbols) and in association with maize (open symbols) 
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Figure 20. Estimated individual leaf size with time, in Type II ( # , O ) and Type IV 
( , A ) bean cultivars grown in monoculture (shaded symbols) and in association 
with maize (open symbols) 
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would produce nonleafbearing nodes in the lower canopy, was moderate and 
differed minimally between treatments until after the attainment of 
maximum LAI. After maximum LAI, leaf senescence in the lower canopy and 
the generation of nonleafbearing nodes in the upper canopy would be 
confounded with changes in individual leaf size. 
Estimated individual leaf size was larger in the Type II than in 
the Type IV bean in both cultural systems until after 47 days. The aver­
age rate of gain in individual leaf size also appeared to be higher in 
the Type II bean in both monoculture and association. The larger leaf 
numbers in the climbing bean, inferred from the higher node counts at 
each harvest, were apparently counterbalanced by the faster rate of gain 
in individual leaf size and by larger individual leaf sizes in the bush 
bean, resulting in comparable leaf area Indices during early growth. 
Leaf expansion in the monoculture climbing bean between 47 and 60 
days apparently resulted predominantly from the expansion of leaves which 
had begun unfolding before 47 days. The marked loss of newly generated 
nodes after 54 days (Fig. 17b) reduced node number in the climbing bean 
to below that achieved at 47 days, making, it unlikely that leaf number 
increase after 47 days contributed significantly to overall leaf area 
increase between 47 and 60 days. 
In association, individual leaf size was comparable in the two cul-
tivars at the time of maximum LAI, 47 days (Fig. 20). The difference 
(not significant) in LAI at 47 days -- 3.5 vs. 5.0 in the bush and climb­
ing bean, respectively — apparently resulted from the larger leaf 
number in the climbing bean. 
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Similarities are evident in the foliar responses of the bush and 
climbing cultivar to the intercropped maize. Maximal LAI was reduced by 
31% and by 22%, respectively, in the bush and climbing cultivars. In 
both habits, specific leaf area was significantly higher in the inter­
cropped than in the monocropped bean, at most measured dates (Appendix 
Table 37). In neither cultivar did the maize consistently affect the 
percentage allocation of dry weight to leaf blades (Leaf Weight Ratio; 
Appendix Table 37). 
Critical differences existed, however, in the timing of bean re­
sponse to the intercropped maize. The maize significantly reduced LAI 
at 40 days in the bush bean, but had no significant effect on the climb­
ing bean LAI until $4 days. Secondly, the intercropped maize did not 
alter the duration of leaf area expansion in the bush cultivar, which 
remained at 47 days in both cultural systems, but curtailed leaf surface 
expansion in the associated climbing bean at 47 days, fully two weeks 
earlier than in monoculture. 
Differences in the onset of bean response to maize may reflect the 
different extension capabilities of the bush and climbing beans. The 
climbing habit would enable the bean to keep pace with early maize 
extension growth, and thus, to better avoid early shading. During early 
growth, maize leaves are narrower and shorter, and thus, compared to 
later stages, would exert less shading on the closely entwining beans. 
The restricted extension potential of the bush bean, however, would sub­
mit it to earlier and more serious shading, especially because the bean 
rows were closely aligned at 25 cm to either side of the maize rows. 
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Later restrictions on climbing bean growth, manifested as the loss 
of leaf area after 4? days and of nodes after 60 days, could reflect the 
increasingly unfavorable environment in which the climbing bean was 
positioned. I suggest that, due to the need for physical support, the 
climbing bean may have been forced to display its leaf area within a 
narrow radius cylindrical volume around and centered on the maize stalk. 
This zone would be overtopped and surrounded by maize leaves originating 
at the stalk. Whereas in early growth the maize leaves were shorter and 
narrower, and thus less competitive with the beans, subsequent maize 
growth would Introduce longer, wider and more numerous leaves Into and 
above the volume occupied by the climbing bean. After the initial advan­
tage In light energy competition, attributable to Its early extension 
capability, the associated climbing cultlvar would grow In an Increasing­
ly shaded environment, as reflected by the growth depression which it 
exhibited after mid cycle. 
Sink activity Trends In pod dry weight accumulation with time 
are represented In Figures 21a and 21b for the Type II and IV cultlvars, 
respectively. Statistical comparisons for all dry weight parameters — 
blade, structural, reproductive and total — appear In Appendix Table 38. 
In monoculture, pod dry weight increased nearly linearly between 47 
and 68 days In the bush bean and between 54 and 75 days In the climbing 
bean. Differences in the date of flowering, which occurred at 37 days in 
the Type II and at 40 days in the Type IV bean, accounted for the one 
week delay in the onset of rapid podfllling in the climbing cultlvar. 
The only significant difference In pod dry weight between the two cultl­
vars occurred at 54 days and presumably resulted from the difference in 
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Figure 21. Pod dry weight with time in a) Type II and b) Type IV bean cultivars grown in mono­
culture (shaded symbols) and in association with maize (open symbols) 
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date of first flowering. 
Intercropping significantly reduced pod dry weight starting at 54 
days in the bush bean and at 60 days in the climbing bean. Paralleling 
the early curtailment of leaf area expansion in the associated climbing 
bean, the duration of podfilling was also shortened by at least one 
week. The last green harvest preceded final harvest by ten days in the 
climbing cultivar. Duration of podfilling in the bush bean was unaffect­
ed by the maize, ending at 75 days in both monoculture and association, 
with the final harvest occurring at 80 days. 
The beans of the bush and climbing habits differed not only in their 
responses to associated maize, but also in their monoculture growth poten­
tial. Some of these differences may affect the suitability of the growth 
habits to intercropping with maize, and may further explain some of the 
differences between the habits in response to maize. 
In monocultures of the two cultivars, nearly identical trends of 
leaf area accumulation were observed up to 47 days (Fig. 22). After this 
time, leaf area declined in the bush bean and continued to increase for 
two more weeks in the climbing bean. Similarly, reproductive growth was 
nearly identical in the two cultivars up to 75 days, with the bush bean 
generally showing higher values, significant only at 54 days. By 75 
2 days, the monoculture Type IV cultivar had accumulated 324 g/m versus 
2 
303 g/m pod dry weight in the Type II cultivar (not significant). How­
ever, as in the leaf area response, the climbing bean continued to accumu­
late reproductive dry weight for two more weeks, whereas the bush bean 
was ready to harvest for yield at 80 days. 
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Figure 22. Bean leaf area index ( ) and pod dry weight 
(— —) in Type II ( # ) and Type IV ( ) bean 
cultivars in monoculture 
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Differences in monoculture yield (2364 vs. 3023 kg/ha in Types II 
and IV, respectively; a 28% difference) were likely a reflection of this 
two week continuation in the climbing habit, first in leaf area expan­
sion — during which LAI increased by 30%, from 5 to 6.5 — and second, 
in the reproductive growth which the additional leaf area supported. 
Imposition of the maize into the climbing bean environment curtailed 
leaf area expansion after 47 days and ended podfilling after 75 days. 
This restriction In the duration of both source and sink growth was 
likely a factor in the 65% yield reduction exhibited by the associated 
climbing bean. The higher yield potential of the climbing cultivar, 
related to longer durations of both leaf area expansion and podfilling, 
could not be expressed in association with maize. 
Sink dynamics In the bush cultivar, rates of pod dry weight 
accumulation were comparable in monoculture and association during the 
first measured week (Fig. 23). Subsequent rates of accumulation were 
2 
substantially higher in monoculture, ranging from 11.6 to 12.4 g/m «day 
over the interval between 47 and 68 days, before declining in the last 
measured week. In association, the highest rate of reproductive growth, 
5.8 g/m .day, occurred in the WCO 50 days, after which lesser but still 
positive rates were observed. 
Rates of pod growth in the climbing cultivar Increased in monocul­
ture from initial lows in the first two measured weeks to rates ranging 
from 11.1 to 14.6 g/m -day in the interval between 54 and 75 days (Fig. 
23)• The variation in calculated rates of gain over this interval re­
sulted from inexplicably low values of pod weight at 68 days. Contrary 
to the declining trend exhibited by the associated bush bean, the rate of 
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Figure 23- Rate of change in pod dry weight evaluated at weekly intervals in a) Type II and 
b) Type IV bean cultivars, grown in monoculture (shaded symbols) and in association 
with maize (open symbols) 
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pod growth in the associated climbing bean increased to a maximum of 
10.8 g/m «day at WCO 71 days, before declining in the last measured week. 
In general, the rate of pod dry weight gain in association was 
higher in the climbing than in the bush cultivar. However, as grain 
yields were not significantly different — 925 vs. 1065 kg/ha between the 
bush and climbing beans — it would seem that the modest rate of pod 
weight loss exhibited by the climbing cultivar at WCO 78 days continued 
after 82 days. 
In comparing the rates of pod weight gain In the monoculture bush 
and climbing cultivars, it is apparent that the rapid podfilling inter­
val, of three weeks duration in each cultivar, was delayed by one week in 
the climbing bean. Climbing bean reproductive demand thus occurred 
later in time than that of the bush bean, and consequently, overlapped to 
a greater extent with the phase of increasing maize resource demand. 
I hypothesized (p. 143) that highest system yield may be associated 
with a clearly dominant-suppressed crop interaction, and that yield may 
be reduced when mutual competition Is enhanced. The rapid podfilling 
phase of the climbing bean extended further into the phase of linear 
increase In maize total and reproductive dry weight (Fig. 24). Pod dry 
weight losses in the climbing cultivar after 75 days likely resulted from 
increasing competition from the actively growing maize crop. 
Maize growth and yield responses to intercropped beans 
Growth and yield of the maize crop reflected the different patterns 
of resource demand exerted by the two bean cultivars (Fig. 24 and 
Appendix Tables 39 and 40). Both of the beans reduced maize growth 
TOTAL 
REPRODUCTIVE 
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Figure 24. Total and reproductive dry weight with time in maize grown in monoculture at 40,000 
plants per hectare ( • . Q) and in association with a Type II (O—O) or a Type IV (A A) bean cultivar; (a) ear plus husk 
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after 26 days, by an average of 23, 27 and 24% at 33, 40 and 4? days, 
respectively. The effect of the bush bean, however, appeared to end 
after 47 days, whereas that of the climbing bean persisted until after 
54 days. I hypothesize that the prolonged competitive effect of the 
climbing bean reflected its persistent vegetative growth (Fig. 17b) 
and higher maximal LAI (Fig. 19b), as well as its delayed reproductive 
demand (p. 178). 
Subsequent rates of increase in maize dry weight were comparable 
among the three treatments, and there was a tendency for convergence 
In total dry weight by 82 days. The loss of total and reproductive dry 
weight in the Type IV associated maize at 90 days was unexpected and, 
because no data are available for subsequent growth, I cannot explain It. 
Maize grain yield, however, appeared to reflect the differential 
effects of the Intercropped beans on early maize growth. Although the 
bush bean did not reduce maize yield significantly, the climbing bean 
did. Bean and maize yield reductions were 65 and 23% in the climbing 
bean association and 61 and 12% in the bush bean association. The 
greater competitiveness of the climbing bean, which resulted In larger 
yield reductions in both intercrop components, I attribute to both spatial 
and temporal factors, as manifested In greater vegetative vigor and 
delayed resource demands, respectively. 
Lowering the maize population from 55,000 to 40,000 plants per 
hectare did not significantly affect maize yield, and effectively doubled 
the transmission of light energy to the beans (Fig. 25). 
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Figure 25. Light energy transmission at 105 and 135 cm aboveground, measured between 50 and 75 days 
in beans and in maize grown in monoculture (M) and in association (A) 
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Light energy transmission 
Light energy transmission readings measured during the podfilling 
interval at 105 and 135 cm aboveground are displayed in Figure 25. The 
contrast matrices used in comparing treatments and levels within treat­
ments are presented in Appendix Table 4l, with the corresponding statis­
tical relations available in Appendix Table 42. 
The monoculture beans of both growth habits had more light energy 
available to them than did the intercropped beans. Light energy trans­
mission did not differ between the intercropped Type II and IV bean 
treatments, at either the 105 or 135 cm levels. The similar yields rea­
lized in the intercropped bush and climbing beans (925 and 1065 kg/ha, 
respectively) are thus consistent with the transmission of similar 
levels of light energy to the bean canopies. 
I recognize, however, that light energy measured in the center of 
the furrow is not necessarily a reliable index of the energy actually 
intercepted by the beans. The partitioning of available energy between 
the maize and the bean leaves would be dependent on the distribution of 
leaf surface area in space. This aspect of light competition was 
addressed in a subsequent trial. 
The effect of maize population on light transmission to the levels 
of the bean foliage is apparent in Fig. 25. Reducing maize population 
from the commercial optimum of 55,000 plants per hectare to the intercrop 
optimum of 40,000 plants per hectare increased light transmission from 
18 to 35% at the 105 cm level and from 21 to 43% at the 135 cm level. 
Increasing the availability of light energy by lowering the maize popu­
lation is one means of enhancing bean growth in a maize intercrop. 
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Whether averaged over both levels or at each level individually 
(not shown), light interception in the climbing bean intercrop did not 
significantly exceed that in the monocrop maize at 40,000 plants per 
hectare. Because light energy was measured at mid furrow, this finding 
would suggest that either the bean leaf area was concentrated around the 
maize stalks, and thus, did not affect transmission in the furrow, or 
that the bulk of the bean leaf area was located below the measured zone. 
Because transmission was not measured at the ground surface, the overall 
efficiency of light interception in the treatments cannot be compared. 
The similarity in light transmission in the bush bean intercrop and 
in the comparable maize monocrop, at both levels, occurred because the 
intercropped bush beans were entirely below the lowest measured level. 
As a general trend, transmission readings at 135 cm exceeded those 
at 105 cm, but when considered individually, the difference was signifi­
cant only in the climbing bean monocrop and intercrop treatments. A 
concentration of bean leaf area in the 105 to 135 cm zone would be con­
sistent with this finding. The difference in light transmission between 
105 and 135 cm was minor when only maize leaves intercepted the light 
energy. 
In sum, the light transmission readings measured during the podfil-
ling interval are consistent with the observed differences in bean yield 
among treatments. Whether the light energy transmitted down to 105 and 
135 cm aboveground was then absorbed by the maize or by the bean leaves, 
however, cannot be determined in this study. Nor can the effect of re­
duced light energy transmission on bean photosynthesis and yield be 
assessed, because morphological (Clough et al., 1979) and physiological 
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(Louwerse and Zweerde, 1977) adaptations to shading could have compen­
sated for some of the variation in light transmission (Antoniw and 
Sprent, 1978). 
Mineral nutrients 
Tissue concentrations of nitrogen, phosphorous and potassium were 
assessed at weekly intervals in beans and maize (Appendix Tables 43 
through 48). Due to the large number of samples and the resultant ex­
pense of the nutrient analyses, samples were combined by tissues into 
two bulked samples of two replications each, at each harvest date. As 
a result, the effects of intercropping and of bean growth habit on nu­
trient concentration could not be discerned using conventional statis­
tical analyses. 
As a general trend, however, intercropping with maize had no consis­
tent effect on nutrient concentration in the blade, structural or repro­
ductive tissues of either bean cultivar. A balancing between the root 
and shoot activities in nutrient and dry weight accumulation, respective­
ly, would be consistent with this finding (Hunt, 1976). 
Higher vegetative concentrations of nitrogen, phosphorous, and 
potassium (Figs. 26, 27 and 28, respectively) were observed in the climb­
ing than in the bush bean monocultures, especially after the first two 
measured weeks. Conversely, in reproductive tissue, the bush bean exhib­
ited higher concentrations of nitrogen and phosphorous, and to a lesser 
extent, potassium, than did the climbing bean (Fig. 29). 
The cultivar differences in nutrient concentration appeared to re­
flect the earlier maturation date of the bush bean. Flowering occurred 
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Figure 26. Nitrogen concentration in blade (————) and structural 
( ) tissues in Type II ( # ) and Type IV ( ) bean 
cultivars grown In monoculture 
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Figure 27. Phosphorous concentration In blade ( ) and structural 
( —) tissues In Type 11 ( # ) and Type IV ( ) bean 
cultivars grown In monoculture 
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Figure 28. Potassium concentration in blade ( ) and structural 
( —) tissues in Type 11(0) and Type IV ( A ) bean 
cultivars grown in monoculture 
188 
6 — 
5 -
4 _ 
3 -
2 _ 
1 -
50 60 70 80 
DAYS FROM PLANTING 
Figure 29. Nitrogen (———), phosphorous ( ) and potassium 
( ) concentrations In reproductive tissues in 
Type 11 ( # ) and Type IV ( ) bean cultivars grown in 
monoculture 
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several days earlier in the bush bean, signaling an earlier switchover 
from vegetative to reproductive growth. Nutrient remobi1ization from 
vegetative to reproductive tissues would be consistent with the lower 
vegetative and higher reproductive concentrations of nitrogen, phospho­
rous and potassium in the bush bean (Hanway and Weber, 1971), especially 
as the cultivar differences were small and tended to increase with time. 
Cultivar differences in nutrient concentration were evident, how­
ever, starting at 26 days, most notably in blade nitrogen and in struc­
tural phosphorous. It is, therefore, possible that cultivars, or per­
haps bean growth habits, may differ systematically in their ability to 
concentrate mineral nutrients, independent of the remobilizing potential 
of the growing pods. When nitrogen, phosphorous or potassium is limiting 
to growth, the potential for higher nutrient concentration in the climb­
ing bean may make it a more effective intercrop competitor per unit of 
dry weight produced, than the bush bean. In other terms, a unit of rea­
lized climbing bean dry weight may reflect more nutrient competition than 
does a unit of bush bean dry weight. 
The intercropped beans had a minor and inconsistent effect on the 
concentrations of nitrogen (Fig. 30), phosphorous (Fig. 31) and potassium 
(Fig. 32) in maize vegetative tissues. During the first five measured 
weeks, the intercropped maizes tended to exhibit lower nitrogen concen­
trations than those in monoculture, but the differences were small and 
did not persist. 
Higher concentrations of nitrogen and phosphorous were manifested in 
bean than in maize tissues after the first two measured weeks. The 
ability of the bean tissues to concentrate nitrogen and phosphorous, even 
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Figure 30. Nitrogen concentration in blade and stalk tissues in maize grown in monoculture at 
40,000 plants per hectare (A A) and at 55,000 plants per hectare A), and 
in association with Type II (O  O )  or Type IV (• Q) bean cultivars 
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Figure 31. Phosphorous concentration in blade and stalk tissues in maize grown in monoculture at 
40,000 plants per hectare (A ^ ) and at 55,000 plants per hectare —'—^), and in 
association with Type 11 (O  O )  or  Type IV (O Q) bean cultîvars 
STALK 
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Figure 32. Potassium concentration in blade and stalk tissues in maize grown in monoculture at 
40,000 plants per hectare (A and at 55,000 plants per hectare (A 3^) and in 
association with Type II (O O) or Type IV (• •) bean cultivars 
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under the competitive conditions of an intercrop, reflects a potential 
competitive advantage over the maize when nitrogen or phosphorous are 
limiting. 
Nutrient accumulations in bean blade, structural and reproductive 
tissues, calculated as the product of tissue dry weight and tissue 
nitrogen, phosphorous and potassium concentrations (mean concentrations 
over the two bulked tissue samples) are presented in Figures 33, 34 and 
35, respectively, and in Appendix Tables 49 through 51• Because differ­
ences in nutrient concentration were generally small, nutrient accumula­
tion tended to parallel treatment trends in bean dry weight gain. In the 
statistical comparisons, relative differences in the standard errors for 
accumulated nutrients parallel those for the dry weight fractions. 
The nitrogen, phosphorous and potassium contents of the intercropped 
beans of both habits were significantly lower than those in monoculture, 
starting at 40 days. With a few isolated exceptions, total nitrogen and 
phosphorous content did not differ significantly between the Type I I and 
IV bean cultivars in either cultural system, throughout the life cycle. 
The higher plant population of the bush cultivar — 240,000 plants per 
hectare, compared to 160,000 plants per hectare in the climbing bean — 
compensated for the larger individual plant size of the climbing bean, 
effectively equalizing the total nitrogen and phosphorous demands exerted 
by the two cultivars, in both cultural systems. 
Starting at 54 days, however, the bush bean tended to allocate sig­
nificantly more nitrogen (Fig. 33a,c vs. 33b,d) and phosphorous (Fig. 
34a,c vs. 34b,d) to the pods and significantly less to the vegetative 
tissues, than did the climbing bean. This trend, which reflected the 
194 
12 
8 
4 
0 
8 
4 
0 
30 50 70 30 50 70 
DAYS FROM PLANTING 
Figure 33. Nitrogen accumulation and loss in blade (B), structural (S) 
and reproductive (R) tissues in a) Type II monoculture, b) 
Type IV monoculture, c) Type II associated and d) Type IV 
associated bean cultivars 
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Figure 34. Phosphorous accumulation and loss in blade (B), structural 
(S) and reproductive (R) tissues in a) Type II monoculture, 
b) Type IV monoculture, c) Type II associated and d) Type 
IV associated bean cultivars 
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Figure 35. Potassium accumulation and loss in blade (B), structural (S) 
and reproductive (R) tissues in a) Type II monoculture, b) 
Type IV monoculture, c) Type II associated and d) Type IV 
associated bean cultlvars 
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increasing reproductive domination of the bush b%an, was expressed in 
both cultural systems, but the absolute differences were larger in mono­
culture. 
Beginning at 54 days, potassium accumulation was generally greater 
in the vegetative tissues of the climbing bean than in those of the bush 
bean, in both cultural systems. In reproductive tissues, however, potas­
sium content did not differ between the two cultivars, either in mono­
culture or in association. Contrary to the near equal accumulations of 
total nitrogen and phosphorous in the two cultivars, total potassium in 
the climbing bean exceeded that in the bush bean starting at 40 days. 
Differences in accumulated potassium in the associated bush and climbing 
beans were generally significant, supporting the hypothesis (p. 189) that 
the climbing cultivar may be a more competitive intercrop than the bush 
bean when potassium is limiting. 
In both of the monoculture bean cultivars, total aboveground nitro­
gen and phosphorous increased until the last week or two of growth, paral­
leling the increases in bean dry matter. Nutrient accumulation after 54 
days was generally at a lesser, although still positive, rate and did not 
show any marked response to the onset of reproductive growth. The data 
are somewhat erratic for potassium accumulation In monoculture, but sug­
gest potassium loss after 54 and 60 days In the Type II and IV bean cul­
tivars, respectively. 
Active nutrient accumulation in aboveground tissues could result 
from the remobi1ization of reserves previously stored in the roots 
(Greenway and Gunn, 1966) or from active uptake by the root system. Roy 
and Wright (1974) cited studies involving maize, sorghum and rice which 
supported their observation of an increased uptake of both nitrogen and 
phosphorous,.coupled with a loss of potassium, during the last part of 
the sorghum life cycle. The substantial increase in total phosphorous, 
and to a lesser extent, in total nitrogen, after the onset of reproduc­
tive growth would suggest that intraplant competition from the growing 
pods did not significantly restrict root growth and activity in the beans. 
In association with maize, however, bean nitrogen and phosphorous 
accumulation tended to level off during podfilling, reflecting similar 
trends in bean dry weight gain. Potassium accumulation followed the same 
pattern as in the monocrop beans, declining after 54 and 60 days in the 
Type II and IV cultivars, respectively. 
Total system nutrient and dry weight accumulation in the bush and 
climbing bean intercrops exceeded that in the component monocultures at 
most harvest dates (Figs. 36, 37 and 38 and Table 24). The system 
totals represent the sums of the maize (Appendix Tables 52 through 54) 
and bean contributions for nitrogen, phosphorous, potassium and dry 
weight. 
The higher nutrient concentrations of bean as compared to maize 
tissue (p. 189) are reflected in the disproportionately large contribution 
of the beans to the intercrop nutrient totals after the first two mear 
sured weeks. The faster growing beans accounted for the majority of the 
intercrop accumulations of dry weight and nutrients until the onset of 
podfilling at 47 days. Due to reproductive encroachment on bean vegeta­
tive growth (Figs. 17a,b) and to the linear increase in maize dry weight 
starting at 40 and 47 days (Fig. 24), the maize assumed increasing domi­
nance of the intercrop dry weight after 47 days (Table 24). The 
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Total nitrogen In monoculture bean ((Type 11,#—-#) (Type 
monoculture maize ((at 40,000 pi ants/ha, A—A) 
(at 55,000 plants/ha,A—A)); and In bean-maize Intercrop 
((Type II,O—0)(Type l\/,0 — •)) treatments 
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Figure 37- Total phosphorous in monoculture bean ((Type 11 ,#--#) (Type 
iV,•-->)); monoculture maize ((at 40,000.plants/ha,A—A) 
(at 55,000 plants/ha,A—A)): and in bean-maize intercrop 
((Type 11,0—O) (Type IV,O—•) treatments 
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Figure 38. Total potassium in monoculture bean ((Type 11 (Type 
monoculture maize ((at 40,000 pi ants/ha, A—A) 
(at 55.000 plants/ha,A—A)): and in bean-maize intercrop 
((Type ll,0—0)(Type IV.D—•) treatments 
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Table 24. Total system nitrogen, phosphorous and potassium and total 
plant dry weight, in monocultures and associations of bean 
and maize, with time 
NUTRIENT, q/m- DRY WEIGHT, 
DAY TRT® Nitrogen Phosphorous Potassium g/mf 
26 M-1 1 
A-II 
1.7 
2.3 (70)b 
0.16 
0.23 (65) 
1.7 
2.7 (67) 
54.3 
72.7 (71) 
M-IV 
A-IV 
2.1 
2.4 (67) 
0.18 
0.25 (60) 
1.6 
2.3 (62) 
49.9 
63.6 (64) 
M-4 
M-5 
0.8 
1.2 o
 o
 
—
 
o
 
0.9 
1.3 
22.1 
32.2 
33 M- 1 1 
A-ll 
3.5 
4.9 (63) 
0.37 
0.52 (63) 
3.3 
5.4 (58) 
113.2 
157.8 (63) 
M-IV 
A-IV 
3.4 
4.5 (56) 
0.34 
0.51 (57) 
3.1 
5.6 (46) 
88.2 
146.3 (51) 
M-4 
M-5 
2.7 
2.4 
0.30 
0.25 
3.3 
3.2 
82.7 
76.2 
40 M- 1 1 
A-ll 
5.6 
6.3 (59) 
0.61 
0.85 (53) 
7.7 
11.0 (48) 
208.4 
272.8 (52) 
M-IV 
A-IV 
5.8 
6.5 (63) 
0.60 
0.71 (58) 
7.9 
11.4 (46) 
164.3 
247.5 (49) 
M-4 
M-5 
3.8 
4.8 
0.48 
0.56 
7.7 
9.3 
172.5 
217.0 
47 M-ll 
A-ll 
7.9 
9.4 (51) 
0.76 
1.18 (52) 
8.3 
11.8 (45) 
290.7 
445.5 (42) 
M-IV 
A-IV 
7.2 
9.7 (53) 
0.75 
1.19 (53) 
7.3 
13.3 (47) 
222.7 
445.3 (39) 
M-4 
M-5 
7.2 
6.3 o
 o
 
10.0 
8.9 
365.8 
355.9 
Treatments: designated as M-11 and M-IV for the Type II and IV 
monocultures; A-11 and A-IV for the Type 11 and IV associations; and 
M-4 and M-5 for the maize monocultures at 40,000 and 55,000 plants/ha, 
respectively. 
'^Numbers in parentheses are the proportion of system total contri­
buted by the bean component. 
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Table 24 cont. 
DAY TRT* 
NUTRIENT, G / N F  DRY WEIGHT, 
G / M ^  Nitrogen Phosphorous Potass i um 
5 4  M -  1  1  9 . 3  1 . 1 8  8 . 7  3 9 0 . 2  
A-Il 1 0 . 2  ( 5 4 ) B  1 . 4 2  ( 4 8 )  1 2 . 5  ( 4 3 )  6 6 3 . 1  ( 3 3 )  
M-IV 9 . 3  1 . 1 1  8 . 2  3 0 4 . 4  
A-IV 9 . 8  ( 5 9 )  1 . 3 9  ( 5 7 )  1 4 . 9  ( 4 7 )  5 5 5 . 2  ( 3 8 )  
M - 4  7 . 0  0 . 9 6  9 . 6  5 2 3 . 3  
M - 5  7 . 0  1 . 1 4  1 1 . 0  5 6 2 . 6  
6 0  M -  1 1  8 . 1  1 . 2 0  8 . 4  4 0 3 . 0  
A-Il 1 2 . 6  ( 3 8 )  1 . 7 9  ( 3 7 )  1 4 . 7  ( 3 4 )  8 2 3 . 4  ( 2 5 )  
M-IV 9 . 7  1 . 2 6  1 0 . 1  3 9 1 . 4  
A-IV 1 3 . 0  ( 5 5 )  1 . 7 1  ( 4 9 )  1 5 . 3  ( 4 5 )  7 4 2 . 2  ( 3 2 )  
M - 4  1 0 . 1  1 . 3 3  1 1 . 9  7 0 3 . 8  
M - 5  9 . 9  1 . 3 7  1 4 . 3  7 5 8 . 7  
6 8  M-Il 1 1 . 8  1 . 7 7  6 . 3  4 5 2 . 9  
A-Il 1 5 . 2  ( 3 7 )  2 . 2 4  ( 3 2 )  1 1 . 1  ( 2 7 )  1 0 0 4 . 5  ( 1 8 )  
M-IV 1 2 . 8  1 . 3 9  8 . 4  4 5 2 . 3  
A-IV 1 5 . 8  ( 4 3 )  2 . 2 0  ( 3 9 )  1 3 . 5  ( 4 0 )  9 9 7 . 0  ( 2 7 )  
M - 4  9 . 2  1 . 6 1  1 0 . 4  8 8 4 . 4  
M - 5  1 3 . 6  2 . 1 6  1 2 . 7  1 0 3 7 . 3  
7 5  M-Il 1 0 . 2  1 . 6 3  5 . 9  4 2 7 . 9  
A-Il 1 3 . 4  ( 3 7 )  2 . 2 5  ( 2 8 )  1 2 . 4  ( 2 3 )  1 1 3 3 . 5  ( 1 6 )  
M-IV 1 2 . 5  1 . 4 9  7 . 5  5 3 8 . 7  
A-IV 1 5 . 9  ( 4 8 )  2 . 4 1  ( 4 0 )  1 4 . 3  ( 4 1 )  1 1 8 1 . 5  ( 2 6 )  
M - 4  1 0 . 6  1 . 9 3  1 1 . 1  1 1 1 9 . 8  
M - 5  8 . 6  2 . 0 4  1 0 . 7  1 0 2 2 . 2  
8 2  M-Il 0  0  0  0  
A-Il 9 . 7  2 . 2 4  1 1 . 5  1 0 8 1 . 3  
M-IV 1 3 . 2  2 . 0 0  9 . 2  5 2 7 . 5  
A-IV 1 7 . 5  ( 3 6 )  2 . 7 3  ( 3 4 )  1 7 . 1  ( 3 0 )  1 2 8 9 . 2  ( 1 9 )  
M- 4  1 2 . 7  2 . 2 8  1 3 . 9  1 2 3 0 . 2  
M - 5  1 2 . 7  2 . 2 0  1 5 . 3  1 2 2 0 . 2  
9 2  A-Il 6 . 9  1 . 2 0  3 . 3  1 2 7 1 . 9  
A-IV 3 . 5  0 . 7 3  2 . 3  9 4 1 . 3  
M - 4  7 . 0  1 . 0 3  2 . 9  1 3 2 1 . 0  
M - 5  6 . 7  1 . 2 0  3 . 5  1 3 7 4 . 1  
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majority of system nitrogen and phosphorous, however, was maintained in 
the bean component until 60 and 68 days in the Type II and IV intercrops, 
respectively. 
Strikingly similar contents of both nitrogen and phosphorous were 
exhibited by the Type II and IV intercrops until near maturity. The 
monocrop beans accumulated nearly identical quantities of nitrogen and 
of phosphorous up until 54 days, after which the climbing bean gained an 
advantage first in nitrogen and eventually in phosphorous. Although 
trends were variable at 68 and 75 days, the monocrop maizes at 40,000 
and 55,000 plants per hectare generally accumulated similar quantities of 
both nitrogen and phosphorous. Total nitrogen and phosphorous demand by 
the monocrop maize was clearly independent of plant population, suggest­
ing that both populations were fully exploiting available nitrogen and 
phosphorous. Maize yields at the two population densities were not 
significantly different. 
Trends in potassium accumulation followed the same general pattern 
as those for nitrogen and phosphorous, with intercrop accumulation ex­
ceeding that of either component monocrop, until the end of the growth 
cycle. Potassium uptake in the monocrop maize, however, exceeded that 
in the monocrop beans after 40 days. Unlike both nitrogen and phospho­
rous, which increased relatively steadily over the whole growth cycle, 
the majority of the potassium accumulation occurred prior to 40 days, 
after which potassium content stabilized or increased moderately in the 
monocrop beans, and in the intercrops and maize monocrops, respectively. 
The rapid, early accumulation of potassium has previously been noted in 
sorghum (Roy and Wright, 1974) and in maize (Hanway, 1962). 
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With one exception, intercrop yields of nitrogen, phosphorous and 
potassium were consistently larger than those of either of the monocrop 
components. The monocrop populations of bean and maize were optimal 
for grain yield, and presumably for resource use in the formation of 
economic yield, according to the extensive agronomic studies of Francis 
et al. (1978a,d). Thus, more nitrogen, phosphorous and potassium were 
accessible to the intercrops than to optimal populations of either mono-
crop. Increased nutrient availability resulted not from a longer dura­
tion of nutrient accumulation, but rather, from an intensification of 
nutrient uptake under well-managed, optimal growing conditions. To 
the extent that yield reflects the use of resources or "space", then 
the intercrops had the potential to overyield the component monocrops 
(Trenbath, 1976). 
Differences in nitrogen accumulation, with intercrop nitrogen ex­
ceeding that of the monocrop beans, which in turn, exceeded that of the 
monocrop maize, were somewhat larger than those In phosphorous uptake, 
perhaps reflecting the potential for nitrogen sparing postulated by 
Henzell and Val lis (1977). The greater phosphorous uptake by the inter­
crops could have been a direct result of the nitrogen advantage (Miller, 
1974) or a reflection of rooting differences. Newman and Andrews (1973) 
found that phosphorous uptake was correlated with root growth rather than 
with root density. Greater phosphorous uptake could indicate that a 
larger number of roots were actively growing in the intercrops than in 
the monocrops, throughout the growth cycle. 
Differences In both nitrogen and phosphorous uptake tended to In­
crease with time, such that by 75 days (last green harvest in Type II), 
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intercrop nitrogen exceeded that in the monocrop beans and maizes by an 
average of 29 and 52%, respectively. Intercrop phosphorous exceeded 
that in the monocrop beans and maizes by kS and 17%, respectively, at 75 
days. Potassium content in the intercrops and monocrop maizes tended to 
converge with time. Whereas intercrop potassium exceeded that in the 
monocrop beans by an average of 99% at 75 days, average intercrop potas­
sium exceeded that in the monocrop maizes by only 22%. 
Bean yield and yield-related parameters 
Realized plant populations at final harvest differed significantly 
between the growth habits, but were not affected by cultural systems 
(Table 25). The climbing cultivar produced significantly more nodes, 
racemes and pods than did the bush cultivar in association, as well as 
in monoculture. Although the proportion of nodes with racemes, the aver­
age number of pods per raceme, and the harvest index did not differ 
significantly between cultivars, the climbing bean did exhibit a signif­
icantly higher hundred seed weight and significantly fewer seeds per 
pod than did the bush cultivar. 
Pod number appeared to account for most of the yield difference 
(659 kg/ha) between the monocrop cultivars. The climbing bean, which 
produced 23% more pods, outyielded the bush bean by 28%. In association, 
however, the climbing bean outyielded the bush bean by only 15%, yet 
produced 49% more pods. The associated bush bean produced an average of 
5-5 seeds per pod, which was 17.6% more than the average of 4.7 seeds 
per pod exhibited by the associated climbing bean. The advantage of the 
bush bean in seeds per pod partly counterbalanced the advantages of the 
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Table 25 Yield and yield-related parameters measured at final harvest 
in Type 11 and IV bean cultivars grown in monoculture and in 
association with maize 
CULTURAL® 
PARAMETER SYSTEM TYPE 11 1 TYPE IV SE*" 
Bean Population M 42.5 AA 34.8 1.5 
Densi ty, 
plants/2m^ A 46.8 32.0 
Total Nodes, M 722 *** 991 43 
no/2m2 * 
A 538 A**  916 
Total Racemes, M 210 *** 293 12 
no/2m^ *** AAA 
A 113 AAA 180 
Total Pods, M 402 A 496 24 
no/2m2 *** AAA 
A 187 A 279 
Structural Dry M 182.6 182.3 11.9 
Weight, g/2m2 *** AA 
A 96.5 122.4 
Total Dry , M 771.1 782.3 69.5 
Weight, g/2m *** ** 
A 325.7 416.4 
Grain Yield, M 2364 *** 3023 62 
kg/ha, 14% *** *** 
moisture A 925 1065 
^Cultural systems are designated as M (Monoculture) and 
A (Association). 
^Standard error of the mean with 9 error df; significant differ­
ences between treatments, as determined from the contrast matrices in 
Appendix Table 35, are denoted by *, ** and *** (5, 1 and 0.1% levels of 
probability, respectively). 
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Table 25 cont. 
CULTURAL® . 
PARAMETER SYSTEM TYPE II TYPE IV SE 
Harvest M 0.56 0.62 0.06 
Index 
A 0.52 0.58 
Hundred Seed M 21.2 * 22.7 0.3 
Weight, ** 
g/100 seeds A 19.4 *** 21.7 
Nodes With M 29 30 
Racemes, % *** *** 
A 21 19 
Pods/Raceme M 1.91 1.69 0.08 
A 1.67 1.55 
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climbing bean in pod number and in hundred seed weight. 
Intercropping elicited significant reductions in most of the 
yield-related parameters. At maturity, the Type II and IV cultivars ex-
2 hibited reductions of 25 and 8% in nodes per m , 46 and 33% in racemes 
2 2 
per m and 53 and 44% in pods per m , respectively. The growth potential 
of the bush bean, as reflected in the numerical parameters, was clearly 
more responsive to the intercropped maize than was that of the climbing 
bean. 
The bush bean realized somewhat more of its yield potential, how­
ever, suffering a 61% (1439 kg/ha) yield reduction, compared to the 
65% (1958 kg/ha) yield loss exhibited by the climbing cultivar in associ­
ation with maize. The earlier and more pronounced reductions in vegeta­
tive growth in the bush bean (p. 157) apparently represented an appropri­
ate adjustment to the intercrop environment and minimized the wastage 
of resources in generation of unrealized yield potential. 
Cultivar differences in nutrient concentration, which were ob­
served throughout the growth cycle, were evident at maturity (Table 26). 
Concentrations of nitrogen, phosphorous and potassium in the seed were 
consistently higher in the bush than in the climbing bean. In addition, 
the climbing cultivar retained a higher concentration of nitrogen in the 
structural tissues at maturity, suggesting that the cultivars may differ 
in the effectiveness of nitrogen remobi1ization. 
Nutrient concentrations at maturity were generally higher in the 
tissues of the intercropped than of the monocropped beans. Remobi1iza­
tion efficiency, especially from the podwalls, may have been reduced by 
the intercropped maize. In the seeds, nitrogen concentration was more 
Table 26. Nutrient concentrations in structural, podwall and seed tissues at final harvest^ in 
Type II and IV bean cultivars grown in monoculture and in association with maize 
NUTRIENT CONCENTRATION, % 
CULTURAL^ 
SYSTEM 
Structural^ Podwa11 Seed 
NUTRIENT 11 IV 11 IV 1 1 IV 
Nitrogen M 0.56 1.05 0.54 0.72 3.60 3.00 
A 0.81 0.98 1.53 1.04 4.27 3.46 
Phosphorous M 0.12 0.12 0.05 0.05 0.58 0.35 
A 0.12 0.12 0.13 0.08 0.60 0.38 
Potassium M 1.36 1.57 2.62 3.35 1.62 1.50 
A 2.12 1.60 3.43 4.35 1.61 1.55 
^At 80 and 92 days in the Type II and IV bean cultivars, respectively. 
''cultural systems are defined as M (Monoculture) and A (Association). 
''Structural includes branch and main stem tissues only; residual blades and petioles were 
discarded. 
211 
strongly affected than were the concentrations of either phosphorous 
or potassium. Differences either in the mode of acquisition of these 
nutrients — nitrogen by fixation, phosphorous by root extension and 
potassium by root extension and diffusion to the roots — or in the dy­
namics of nitrogen, phosphorous and potassium uptake by the seeds 
(Hocking and Pate, 1977) may have affected seed nutrient concentration. 
The bush and climbing cultivars did not differ significantly in 
either structural or total dry weight and were generally comparable in 
total nutrient content (Table 27). The climbing cultivar, however, 
retained significantly more nitrogen in structural tissues and signifi­
cantly less phosphorous in the podwalls than did the bush cultivar. 
Seed nutrient contents were generally similar in the two cultivars. 
Intercropping significantly reduced tissue and total dry weight 
sufficiently that nutrient content was significantly reduced, although 
nutrient concentrations were higher in the tissues of the intercropped 
beans. Intercropping reduced bean nitrogen, phosphorous and potassium 
by 45, 51 and 46%, respectively, and reduced total dry weight and grain 
yield by an average of 52 and 63%. Harvest index was reduced (not 
significantly) by an average of 4% In the two intercropped beans, account­
ing in part for the relatively larger effect of the maize on the bean 
economic yield than on either the total nutrient or dry weight parameters. 
The distribution of retained nutrients at final harvest reflected 
the effects of both the bean growth habit and the cultural system (Table 
28). In both cultural systems, the climbing cultivar retained signifi­
cantly larger proportions of total nitrogen and phosphorous in the struc­
tural tissues than did the bush cultivar. Although trends in podwall 
Table 27. Nutrient accumulation in bean structural, podwall and seed tissues at final harvest' 
in Type II and IV bean cultivars grown in monoculture and in association with maize 
NUTRIENT 
Nitrogen 
CULTURAL 
SYSTEM 
M 
Structural^ 
11 IV 
1.0 *** 1.9 
*** 
0.8  A 1 .2  
NUTRIENT, g/m^ 
Podwa11 
11 IV 
0 . 8  
0.9 
0 . 8  
A* 
0.5 
Seed 
I I IV 
15.7 
7.3 
14.5 
*** 
8.4 
Total 
I I IV 
17 .6  
AAA 
9.0 
17.2 
AAA 
10.1  
SE 0 . 1  0.05 0 . 8  0.9 
Phosphorous M 0.21 0.22 0.08 ** 0.05 2.51**" 1.69 2.80 ** 1.96 
AAA AA •AAA AAA AAA AAA 
A 0.11 0.14 0.08 *** 0.04 1.03 0.91 1.21 1.09 
SE 0.01 0.004 0.12 0.14 
Potassium M 
A 
SE 
2.5 
2 . 0  
2.9 
AA 
2 . 0  
0 . 2  
4.0 
AAA 
2 .0  
3.9 
AAA 
2 . 2  
0 . 2  
7.1 
AAA 
2 . 8  
7.2 
AAA 
3.8 
0.4 
13.5 14.0 
6 . 8  8 . 0  
0.7 
a»h,CAs defined in Table 26. 
^As defined in Table 25. 
Table 28. Distribution of nutrients among bean structural, podwall and seed components at final 
harvest® in Type II and IV bean cultivars grown in monoculture and in association with 
maize 
N U T R I E N T  D I S T R I B U T I O N ,  %  o f  t o t a l  
C U L T U R A L ^  
S Y S T E M  
S t r u c t u r a l ^  P o d w a11 S e e d  
N U T R I E N T  1 1  I V  1  1  I V  1  1  I V  
N i t r o g e n  M  5.8 
f t îV 
11.1 4.7 
AAA 
4.9 89.5 
AAA 
AAA 84.0 
A  8.9 A* 11.9 10.1 AAA 5.2 81.1 82.9 
S E ^  0.6 0.2 0.7 
P h o s p h o r o u s  M  7.5 11.1 
* 
2.7 
AAA 
2.7 89.7 
AAA 
** 86.2 
A  9.3 A**  13.4 6.3 AAA 3.7 84.3 82.8 
S E  0.6 0.1 2.2 
P o t a s s i u m  M  18.3 
*** 
20.4 
A 
29.5 A 28.1 52.1 
AAA 
51.5 
AA 
A  30.2 ** 24.7 29.5 27.9 40.3 AAA 47.4 
S E  1.1 0.4 0.9 
a,b,c 
As defined in Table 26. 
As defined in Table 25. 
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n u t r i e n t  c o n t e n t  v a r i e d  w i t h  c u l t u r a l  s y s t e m ,  t h e  a s s o c i a t e d  T y p e  I I  
b e a n s  r e t a i n e d  s i g n i f i c a n t l y  m o r e  n i t r o g e n ,  p h o s p h o r o u s  a n d  p o t a s s i u m  i n  
t h e  p o d w a l l  t i s s u e  t h a n  d i d  t h e  T y p e  I V  c u l t i v a r .  T h e  n u t r i e n t s  r e t a i n e d  
w i t h i n  t h e  s t r u c t u r a l  t i s s u e  o f  t h e  c l i m b i n g  b e a n  r e p r e s e n t e d  a  l a r g e r  
a b s o l u t e  n u t r i e n t  d r a i n  t h a n  t h o s e  r e m a i n i n g  i n  t h e  p o d w a l l s  o f  t h e  b u s h  
b e a n .  I n  m o n o c u l t u r e ,  t h e  b u s h  b e a n  c o n c e n t r a t e d  a  s i g n i f i c a n t l y  l a r g e r  
p r o p o r t i o n  o f  t o t a l  n i t r o g e n  a n d  p h o s p h o r o u s  i n  t h e  s e e d s  t h a n  d i d  t h e  
c l i m b i n g  b e a n ,  w h e r e a s  n i t r o g e n  a n d  p h o s p h o r o u s  d i s t r i b u t i o n  t o  s e e d s  d i d  
n o t  d i f f e r  b e t w e e n  t h e  a s s o c i a t e d  c u l t i v a r s .  
I n t e r c r o p p i n g  e f f e c t i v e l y  m i n i m i z e d  t h e  d i f f e r e n c e s  b e t w e e n  t h e  
c u l t i v a r s  i n  n i t r o g e n  a n d  p h o s p h o r o u s  a l l o c a t i o n ,  a l t h o u g h  t h e  c l i m b i n g  
b e a n  d i d  a l l o c a t e  a  s i g n i f i c a n t l y  l a r g e r  p r o p o r t i o n  o f  t o t a l  p o t a s s i u m  t o  
t h e  s e e d s  t h a n  d i d  t h e  b u s h  b e a n .  
S u m m a r y  a n d  C o n c l u s i o n s  
G r o w t h  a n d ,  m o r e  p a r t i c u l a r l y  g r o w t h  r a t e ,  v a r y  i n  r e s p o n s e  t o  
c h a n g e s  i n  t h e  g r o w t h  e n v i r o n m e n t  a n d  t o  c h a n g e s  i n  p l a n t  d e v e l o p m e n t a l  
s t a t u s .  T o  s e p a r a t e  e n v i r o n m e n t a l  f r o m  o n t o g e n e t i c  i n f l u e n c e s ,  c h a n g e s  
i n  g r o w t h  w i t h  t i m e  c a n  b e  c o m p a r e d  t o  a  s t a n d a r d  o f  g r o w t h  w h i c h  m a y ,  
i n  i t s e l f ,  v a r y  w i t h  t i m e .  I n  t h i s  e x p e r i m e n t ,  t h e  r e s p o n s e s  o f  i n d e t e r -
m i n a n t  b u s h  a n d  c l i m b i n g  b e a n s  t o  i n t e r c r o p p e d  m a i z e  w e r e  c o n t r a s t e d  i n  
t w o  d i m e n s i o n s .  
F i r s t ,  t h e  s t a n d a r d  b e h a v i o r  o f  t h e  t w o  c u l t i v a r s  w a s  c o m p a r e d  i n  
m o n o c u l t u r e ,  t o  e x p l a i n  t h e  h i g h e r  y i e l d  p o t e n t i a l  e x p r e s s e d  b y  t h e  
c l i m b i n g  c u l t i v a r .  S u p p o r t i n g  t h e  c o n c l u s i o n  t h a t  t h e  m o n o c u l t u r e  y i e l d  
a d v a n t a g e  o f  t h e  c l i m b i n g  b e a n  w a s  d i r e c t l y  a t t r i b u t a b l e  t o  i t s  l o n g e r  
215 
growth cycle were the following: 
1. The climbing bean attained a higher maximum leaf area index and 
accumulated a higher maximum pod dry weight than did the bush bean be­
cause of longer durations of leaf area expansion and of podfilling. Pod 
dry weights were comparable in the bush and climbing beans until 75 days, 
after which the cessation of growth in the maturing bush bean, coupled 
with continued gains in the climbing bean, accounted for the final yield 
differential. 
2. The full yield potential of the climbing bean, reflected in the 
production of significantly more nodes, racemes and pods throughout 
growth and maturation, was not entirely realized. I attribute the larger 
node and pod losses in the climbing bean to the longer overlap in the 
vegetative and reproductive functions in this cultivar and suggest that 
source and sink activities were less accurately balanced in the climbing 
than in the bush cultivar. I conclude that climbing beans are best 
suited to uncertain environments, whereas bush beans are able to yield 
well only under controlled conditions. 
Second, the dynamics of growth In the intercropped bush and climbing 
beans were compared in the context of changes in maize growth, to relate 
differences in the responses of the two cultivars to differences in 
their growth environment. 
1. Intercropping elicited earlier and more pronounced growth reductions 
in the bush bean and curtailed the durations of both leaf area expansion 
and podfilling in the climbing bean. Accordingly, the higher yield poten­
tial of the climbing bean, which was derived from its longer growth 
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cycle, could not be realized in association with maize. 
2. A one week delay in the onset of rapid podfilling in the associated 
climbing cultivar resulted in a greater overlap with the phase of rapid 
dry weight gain in the increasingly dominant maize. Pod dry weight 
losses in the climbing cultivar after 75 days reflected the increasing 
competition from the maize. 
3. I hypothesize that differences in extension capability accounted for 
the earlier growth response of the bush bean to the intercropped maize. 
The marked reductions in both vegetative source capacity and reproductive 
potential in the bush bean were interpreted as appropriate responses to 
intercropping, serving to minimize resource loss in the generation of 
unrealized potential. The short growth cycle of the bush bean limited 
its capacity to respond to environmental stress, however, thus limiting 
its suitability to marginal environments. 
4. I hypothesize that, due to the need for physical support, the climb­
ing cultivar may have been forced to restrict its leaf area display in 
association to the zone immediately around the maize stalk. The bean 
would, therefore, grow in an increasingly shaded environment, as this 
zone was surrounded and overtopped by longer and wider maize leaves. 
Late season losses in pod weight would be a consequence of the increasing­
ly weaker competitive position of the climbing bean. 
5. Maize growth and grain yield reflected the different resource demand 
patterns of the bush and climbing cultivars. Maize grain yield, which 
was not significantly reduced either by lowering the monocrop population 
from 55,000 to 40,000 plants per hectare or by intercropping with the 
bush bean, was significantly affected by intercropping with the more 
217 
competitive climbing bean. 
Light energy and aboveground nutrient accumulation in plant tissues 
were measured, not to discern competitive interactions between the com­
ponent species, but rather, to characterize and compare the monocrop and 
intercrop systems under optimal growing conditions. In that context, 
it is misleading to postulate on causal factors for observed yield dif­
ferences, because the continuous integration of root and shoot activities 
effectively obscures the distinction between cause and effect, especially 
when responses are measured at intervals much longer than the effective 
response time. 
The patterns of light energy transmission observed during the pod-
filling interval were consistent with realized grain yields. The actual 
effect of reduced light energy on bean photosynthesis and yield could 
not, however, be assessed, due to the potential for morphological and 
metabolic compensation for shading. 
The cultivars, and perhaps the habits which they represent, dis­
played consistent differences in nutrient distribution between vegeta­
tive and reproductive functions throughout growth. Although the climbing 
bean accumulated significantly more potassium, total nitrogen and phos­
phorous uptake did not differ between the two cultivars, in either 
cultural system. 
It Is perhaps invalid, and certainly unwise, to extend trends in 
nutrient uptake under optimal soil conditions, to generalizations about 
expected performance under more marginal conditions. That extrapolation 
must await further experimentation. It Is notable, however, that total 
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dry weight and nutrient accumulation in the intercrops were generally 
higher than those in either of the component monocrops — implying 
greater access to both photosynthetic energy and mineral nutrients — 
throughout growth. The higher yield potential of the intercrops, which 
produced LER's of 1.17 and 1.03 for the bush and climbing bean treat­
ments, respectively, resulted from more intensive use of the growth 
environment than was possible in either monocrop, even under the care­
fully managed conditions of this study. 
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SPATIAL DISTRIBUTION OF LEAF AREA AND YIELD 
Introduction 
In addition to its effects on photosynthesis, light energy directly 
influences plant and air temperature and, consequently, affects metabolic 
activity, plant water status and plant development. In the opposite 
direction, thermal re-radiation determines plant and air temperatures at 
night, affecting a range of factors from plant development to the duration 
of dew-fall, which can influence disease dynamics. The position of over­
hanging maize leaves in space, relative to that of the bean leaves, 
could thus influence the diurnal energy budget in diverse and potentially 
significant ways. 
The fourth and final experiment was designed to measure light energy 
penetration, plant temperature, and plant water relations, to determine 
if these diverse effects are quantitatively significant in limiting bean 
yield. However, prolonged seasonal rains effectively erased the antici­
pated treatment differences, and variably cloudy skies caused an unaccept-
ably high degree of random error in the light readings. Due to these 
uncontrollable environmental factors, the objective of quantifying the 
bean microclimate was abandoned in midseason. 
A second objective, to quantify the distribution of maize and bean 
leaves in space and time, was approached by means of a series of green 
harvests, employing a specially designed harvest procedure. 
Procedures 
The bean cultivars, P566 and P364, were again chosen to represent 
the Type II and IV growth habits, respectively. Based on its reputation 
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for lodging resistance (J. B. Barnett, Maize Breeder, C.I.A.T., 1978, 
personal communication), 'Suwan-1' was again selected to serve as the 
associated maize. It was assumed that the disastrous lodging which had 
characterized this hybrid in the previous trial (p. 152) was atypical, 
resulting from weak maize rooting induced by excessive rains during 
seedling establishment. 
Seed was planted on 25 September 1978 and the first irrigation was 
applied on 28 September (Day 1). Monocultures and associations of the 
bush and climbing bean cultivars, and a maize monoculture at 40,000 
plants per hectare were established as in previous trials. In addition, 
it was of Interest to contrast the effects of hill-planted and row-plant­
ed maize on the associated beans. Hill-planting, in which from two to 
four maize plants are clumped together at spaced Intervals, is the con­
ventional cropping system of many small farmers In Latin America. 
Accordingly, a second association of the climbing bean cultivar was 
grown, with the maize at 40,000 plants per hectare but established in 
hills, with three plants per hill and with 75 cm between hills. 
Due to anticipated edge effects on surface turbulence, which can 
affect microclimatic factors, treatment plots were large and unreplicated. 
The plots, which were oriented in a north-south direction, varied in size 
due to differences In canopy height and, thus. In the extent of the 
border effect. The monoculture bush cultivar was established In a plot 
that was 20 m long and 40 m wide, bordered laterally by 20 m x 20 m plots 
of the same cultivar. The three associations and the maize monoculture 
were established |n plots 40 m x 40 m each, planted end to end and side 
to side, forming a continuous block, 80 m x 80 m square. Interrupted 
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only by irrigation canals. 
The monoculture climbing bean plot, which was 10 m long and 40 m 
wide, was surrounded by a monoculture maize border, effectively extending 
the plot length by 5 m on either end and adding 20 m laterally on either 
side. Because there are mechanical limits to the maximum size of the 
trellis structure, it was intended that the maize, having basically the 
same height and roughness as the trellis-supported beans, would minimize 
the border effect on the necessarily small, climbing bean plot. 
Because the prevailing winds were from the north, thé monoculture 
bush bean plot was located to the north of the taller, solidly planted 
maize plots, whereas the monoculture climbing bean plot and its attendant 
maize border were located to the south. The entire experiment occupied 
an area of 0.95 ha. 
Due to a labor shortage and to intermittent rains, thinning was de­
layed and protracted over a ten day interval. The bush beans were thinned 
between 20 and 2k days and the climbing beans were thinned between 25 and 
29 days. Maize thinning was accomplished between 20 and 22 days. The 
delay in thinning meant that the beans, particularly the climbing beans, 
had begun to intertwine with neighboring plants. Although care was taken 
in disentangling them, stem breakage was more extensive than in previous 
trials. When the main stem is broken, branch growth is stimulated, with 
undetermined effects on canopy structure. 
Fertilization was limited to a preplant application of 200 kg/ha of 
14-14-14 (28, 12 and 23 kg/ha of N, P and K, respectively) and an applica­
tion of a commercial micronutrient preparation (Coljap) at 18 days. 
Because the plots were solidly planted. It was not possible to enter to 
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apply either nutrients or chemical pest controls after the first few 
weeks. Accordingly, pest damage, particularly from rust, Heliothis and 
mites was more extensive than under controlled conditions. 
Maize lodging began to occur in midseason and, although unquantified, 
seemed most prevalent in the row-planted maize associated with the climb­
ing bean, and least prevalent in the monoculture maize. Rain totalling 
185 mm, from an average annual total of 1000 mm, fell in the 20 day inter­
val between 39 and 52 days (Fig. 1), and may have adversely affected root 
growth, thus encouraging lodging. When harvesting both green and mature 
samples, care was taken to avoid lodged areas. 
Relatively pronounced symptoms of Problem X (p. 69) were observed, 
starting at 26 days and diminishing with time. 
Data col lection 
The leaf area display in space was assessed in all treatments except 
the monoculture climbing bean, at each of six harvest dates spanning the 
time from maximum leaf area index to the attainment of harvest maturity. 
At each harvest, three well-bordered samples were selected at random 
from each plot. 
The harvest procedure employed two boards, measuring 2.5 m in height 
and 1.2 m in width, marked off into an array of 18 squares arranged in 
six rows and three columns (Fig. 39). Measured vertically, the two lower­
most rows were 25 cm and the four upper rows were 50 cm in height. The 
central column was 40 cm wide, flanked by lateral columns measuring 30 cm 
wide on each side. Holes were bored in the boards at the intersections 
of the lines delineating the squares, to permit the insertion of dowling 
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CENTRAL 
LATERAL LATERAL 
cm 
ROW 
50 cm 
50 cm 
250 
cm 
50 cm 
DOWLING 
ROD 
50 cm 
25 cm 100 
25 cm 
^ 100 » 
cm 
Figure 39. Field alignment of the harvest boards, joined by dowling 
rods to divide the 1 m x 1 m x 2.5 m harvest volume Into 
18 cuboidal subsamples 
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rods which measured 2 cm in diameter. 
Before sampling, two vertical, planar cuts were made in the row, 1 m 
apart and perpendicular to the row direction, to delimit the harvest 
area. Care was taken not to disturb the natural position of the plant 
tissue. After the boards were positioned in the cuts, the dowling rods 
were inserted into the holes, effectively joining the two boards and divi 
ding the 1 m x 1 m x 2.5 m harvest volume into 18 cuboidal subsamples 
(Fig. 39) • Starting at the top and sides, each cube was harvested sepa­
rately, clipping out the plant material with scissors or shears. Leaf 
area and pod number, as well as blade, structural and reproductive dry 
weights, were determined for both the bean and the maize in each cube. 
It was not possible to sample the monoculture climbing beans in 
this manner, because the wires in the trellis structure prevented the 
imposition of the harvest boards within the row. 
At the final harvest on 82 and 92 days in the Type II and IV beans, 
2 
respectively, grain yield was estimated from three samples of 10 m each, 
2 
chosen at random in each plot. Three, 1 m yield component samples were 
selected randomly in each plot and were harvested using the harvest 
boards to determine the spatial variation in pod number, in seeds per pod 
and in individual seed weight. After discarding the residual leaf blades 
and petioles, the dry weights of structural, podwall and seed tissues and 
the numbers of pods and seeds were recorded for each cube individually. 
Four subsamples of 100 seeds were taken from each of the three bean 
yield samples from each plot, to estimate hundred seed weight. The maize 
was harvested for grain at 119 days, somewhat earlier than usual, because 
the land was needed for another experiment. 
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Results 
The distribution of bean and maize leaf area and specific leaf area 
(SLA) In space was assessed at intervals during podfilling (Appendix 
Tables 55 and 56; Figs. 40 through 44). Because the leaf area distribu­
tion was unattainable in the Type IV monocrop and was confounded with bean 
lodging in the Type II monocrop cultivar, the effect of Intercropping on 
bean leaf area display cannot be determined from these data. In addition, 
because bean and maize leaf distributions in the hill-planted treatment 
did not differ consistently from that of the row-planted treatment, my 
discussion will emphasize the trends observed in the row-planted climbing 
bean treatment. 
Leaf area distribution 
The LAI's achieved in the bush and climbing bean associations were 
similar at early podfilling to those observed In comparable treatments 
In the previous trial. Leaf area appeared to decline more rapidly in 
the present trial, however, resulting In substantially lower LAI's during 
the latter part of podfilling, in the maize as well as in the bean 
cultivars. 
Differences in the calculated LAI of comparable treatments, between 
seasons, could reflect either climatic (Fig. 1) or methodological differ­
ences. In the previous trial, a single SLA determined from a representa­
tive sample of leaves was used to calculate the sample LAI (p. 152), 
whereas, in the present experiment, separate SLA's were determined for 
each of the 18 subsamples comprising each harvest sample. Because 
spatial variation in SLA was quantified in the present experiment. 
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Figure 40. Spatial and temporal variation in specific leaf area of Type II ( O ) and Type IV 
( D ) beans intercropped with row-planted maize (central column only) 
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Figure 42. Spatial variation at 57 days in bean ( ) and maize leaf area in the 
a) Type II and b) Type IV intercrops, and in pod dry weight (PDW) in the 
c) Type II and d) Type IV intercrops; row-planted treatments only 
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Figure 43 .  Spatial variation at 64 days in bean (SSS5 ) and maize leaf area in the 
a) Type 11 and b) Type IV intercrops, and in pod dry weight (PDW) in the 
c) Type II and d) Type IV intercrops; row-planted treatments only 
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Figure 44. Spatial variation at 70 days in bean and maize leaf area In the 
a) Type II and b) Type IV Intercrops, and in pod dry weight (PDW) in the 
c) Type II and d) Type IV intercrops; row-planted treatments only 
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calculated leaf area may have been more accurate. 
Within most of the six vertical rows, SLA tended to decrease with 
time and generally remained highest in the lower rows (Fig. 40). The 
largest decreases were observed in the lowermost leaves, reflecting the 
confounded effects of shading (Blackman and Wilson, 1954), leaf age 
(Mllthorpe and Newton, 1963) and, possibly, heteroblastic development 
(Williams, 1975). 
The maize leaf area indices were relatively stable throughout the 
podfilling Interval, remaining at 2.5, 2.6 and 3-0 in the bush and climb­
ing bean intercrops and the maize monoculture, respectively. The maize 
leaf area was not uniformly distributed in space, but rather, was concen­
trated within the central column In all treatments (Figs. 41 through 44). 
At the five measured dates, an average of 75, 61, 63, 65 and 67% of the 
maize leaf area, respectively, was localized within the zone which extend­
ed to 20 cm on either side of the maize stalks. This zone represented 
only 40% of the space available for leaf area display, yet contained 
roughly two-thirds of all maize leaf area. 
This apparent concentration of leaf area is partly attributable to 
the relatively wide, 1 m spacing between the maize rows. Commercial maize 
populations are spaced in 80 cm rows. In the latter case, If the spatial 
distribution of leaf area were not altered by the row spacing, roughly 
two-thirds of the maize leaf area would be found within 50% of the avail­
able space. Leaf clumping, which is characteristic of row-planted maize 
(Sinclair and Lemon, 1974) would further concentrate the maize leaf area 
near the stalks. 
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The proportion of maize leaf area located in the topmost 100 cm of 
the canopy continued to increase throughout the podfilling interval 
(Table 29). Much of the increase in maize leaf area in the upper canopy 
resulted from leaf extension into the lateral columns, because total leaf 
area was constant and the proportion of maize LAI in the central column 
of the upper canopy tended to stabilize or to decline after mid podfill­
ing, 64 days. 
Although the proportion of bean leaf area above 150 cm did increase 
with time, a maximum of 612 and 3888 cm of bush and climbing bean leaf 
area, respectively, penetrated above 150 cm by 70 days. Thus, the bulk 
of the maize leaf area was increasingly positioned above the bean 
leaf area. 
In both bean cultivars, leaf area positioned in mid canopy accounted 
for an increasingly large proportion of the total leaf area (Table 30). 
The climbing bean displayed both a larger proportion of total leaf area 
and, in particular, more absolute leaf area, in mid canopy than did the 
bush bean. However, the majority of the climbing bean leaf area in mid 
canopy was restricted to the central zone, an area dominated by maize 
leaf area throughout podfilling. The leaf area of the bush bean, although 
generally restricted to the lowermost 1 m of the canopy, tended to be 
more laterally arrayed, and thus, to be outside of the zone of highest 
maize leaf area concentration. 
In both bean cultivars, leaf area became progressively more re­
stricted to the central zone as leaf area index declined (Fig. 45). The 
bush bean, however, had an advantage during at least two measured weeks, 
and perhaps earlier as well, in that less of its leaf area was within the 
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Table 29. Bean and maize leaf area above 150 cm in the profile, in 
Type II and IV bean cultivars intercropped with row-planted 
maize, and in the maize monoculture® 
DAY'' LEAF AREA, % 
MAIZE LEAF AREAf 
BEAN MAIZE IN CENTRAL ZONE, % 
A-I|d A-IV A-ll A-IV M 4 A-ll A-IV M-4 
48 0 1.2 40.4 55.2 53.9 27.8 42.8 38.4 
57 0 12.0 54.7 65.0 58.9 36.7 41.0 38.3 
64 0 1.0 57.2 64.5 59.7 34.2 47.3 35.8 
70 10.2 16.2 64.8 66.8 70.5 46.5 42.0 44.8 
82 0 23.2 62.0 74.8 66.4 37.1 41.3 46.9 
^Expressed as mean percentages of total leaf area for the species, 
averaged over three 1 sample areas per plot. 
''Days from first irrigation. 
^Central zone, as defined in Fig. 39. 
"^Treatment designations are M-11 for the Type II monocrop. A-1 I and 
A-IV for the Type II and IV row-planted intercrops, A-IV Hill for the 
Type IV, hill-planted intercrop and M-4 for the maize monocrop. 
zone dominated by the maize leaf area. I would anticipate that the 
lateral displacement of bean leaf area would be an effective means for 
minimizing direct competition with the maize for photosynthetic energy. 
Pod distribution 
In general, the proportional distribution of pod number in space 
paralleled that of pod dry weight (Figs. 4l through 44; Appendix Table 
57), indicating that spatial variation in average pod dry weight was small 
and nonsystematic. Furthermore, because the correspondence between the 
relative allocation of pod number and dry weight persisted with time, it 
may be inferred that spatial variation in pod growth rate was also small. 
DAYS FROM PLANTING 
Figure 45. Bean LAI ( ) and percentage bean leaf area in the central zone ( ), 
assessed at intervals during podfiiling, in Type N ( O ) and IV ( D ) bean 
cultîvars intercropped with row-planted maize 
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Table 30. Bean leaf area located between 50 and 150 cm in the profile, 
in Type II and IV cultivars associated with row-planted maize 
DAY® BEAN LEAF AREA 
BEAN LEAF AREA*' _ 
IN CENTRAL COLUMN, cm cm 
2 
Arl|d A-IV A-l 1 A-IV A-II A-IV 
48 21.4 51.9 8,346 20,760 5,538 15,960 
57 41.0 55.5 13,120 21,090 7,328 15,808 
64 56.4 75.4 7,332 27,144 5,460 16,992 
70 77.4 76.6 4,644 18,384 3,996 12,096 
82 0 76.2 0 4,572 0 3,582 
a,b,c,d^g defined in Table 29. 
Differences in the pattern of pod distribution generally reflected 
the differences in leaf area distribution between the two cultivars. 
Because the maize stalks were the only part of the canopy which was strong 
enough to support the climbing bean foliage, almost all of the pods were 
borne in the central zone throughout growth. Conversely, the more later­
al distribution of the bush bean canopy effectively dispersed the pods 
into both the lateral and central zones. As observed with the climbing 
cultivar, however, only the maize stalks afforded adequate support to 
bear the pods above 50 cm. 
Almost all of the bush bean pods were borne below 50 cm, whereas, 
roughly three-fourths of the climbing bean pods occurred between 50 and 
150 cm in the canopy (Table 31)- Although the proportion of bush bean 
leaf area in the 50 to 150 cm zone increased with time, accounting for up 
to 13,120 cm^ at 57 days (Table 30), it did not support more than 12.7% 
of the pod number at any time (Table 31). The disparity in leaf and pod 
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Table 31. Vertical distribution of pods in Type II and IV bean cultivars 
associated with row-planted maize 
DAY* POD NUMBER. % 
Below 50 1 cm 50 to 150 cm Above 150 cm 
A-I|b A-IV A-M A-IV A-II A-IV 
48 100 41.8 0 58.2 0 0 
57 87.3 13.9 12.7 79.9 0 6.2 
64 87.5 10.7 12.5 80.0 0 9.3 
70 91.3 13.5 6.7 71.7 1.9 14.8 
82 92.1 16.8 7.9 75.1 0 8.4 
92 9.7 72.4 18.0 
^''^As defined in Table 29. 
distribution in the bush bean could have resulted from leaves displayed 
at one level having originated at a lower level, and thus, contributing 
photosynthate primarily to pods borne in the lower level. 
A closer correspondence between percentage leaf area and percentage 
pod number distribution was expressed by the climbing bean. The apparent 
integration of source and sink activities in space may reflect the short­
er petioles of the climbing bean (author's unpublished observation). In 
addition, the more even distribution of climbing bean leaf area through­
out the vertical profile implies less self-shading by the climbing than 
by the bush bean canopy. Therefore, the effectiveness of a unit of 
climbing bean leaf area may be more directly expressed in the number of 
pods which it supports. 
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Yield distribution 
Although identical cultivars were used, bean grain yields realized 
in this trial (Table 32) were substantially lower than those from the 
previous trial (Table 25). The lower yields were probably caused by the 
greater insect and disease damage which resulted from my inability to 
apply chemical controls in the present trial. Although the absolute 
yields were lower, the same general trends were observed, with the row-
planted maize reducing yield by 62 and 66% in the intercropped bush and 
climbing bean cultivars, respectively, compared to the 61 and 65% reduc­
tions observed in the previous trial. In the row-planted intercrops, the 
climbing bean outyielded the bush bean by 9.5%, compared to the 13% ad­
vantage achieved previously. 
I anticipated that planting the maize in hills, rather than in rows, 
would increase the transmission of light energy to the intercropped beans. 
Bean yield realized in the hill-planted maize treatment, however, was 
less than half of that in the row-planted treatment. 
Grouping the maize into hills did not consistently affect the propor­
tion of maize leaf area located in the central zone. However, position­
ing the three maize stalks together effectively produced an umbrella-like 
canopy, with maize leaves radiating out in all directions to Intercept 
the light. The low bean yields realized in the hill-planted treatment 
indicate that shading of the bean by the maize was more effective than in 
the row-planting. The centrally biased distribution of the climbing bean 
would be especially disadvantageous in this planting system. 
Maize grain yield was less affected by the intercropped climbing bean 
when the maize was hill- rather than row-planted, emphasizing the more 
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Table 32. Bean and maize grain yield and the distribution of bean grain 
yield in space® 
GRAIN YIELD'' BEAN GRAIN DRY WEIGHT, 
TRT^ BEAN MAIZE Row® Lateral ^  Central Lateral Sum 
A-1 1 637 5000 6 0 0 0 0 
5 0 0 0 0 
4 0 0.5 0 0.5 
3 0 7.9 0 7.9 
2 0 32.5 0 32.5 
1 18.4 23.6 17.1 59.1 
Sum 18.4 64.5 17.1 64.49 
M-ll 1701 6 0 0 0 0 
5 0 0 0 0 
4 0 0 0 0 
3 0 0 0 0 
2 6.9 10.3 14.7 32.0 
1 19.4 35.0 13.6 68.1 
Sum 26.3 45.3 28.4 157.9 
At maturity, 82 and 92 days, in the Type II and IV bean cultivars 
''in kg/ha, calculated to 14 and 16% moisture for the bean and 
maize, respectively. Expressed as means of three, 10 m sample areas, 
chosen at random in each plot, for each crop species separately. 
'^Expressed as mean percentages of total grain dry weight, by 
cuboidal subsamples, averaged over three 1 sample areas per plot. 
^Treatment: designated as M-11 and M-IV for the Type II and IV 
monocultures; A-1 I and A-IV for the Type II and IV, row-planted inter­
crops; A-IV Hill for the Type IV, hill-planted intercrop; and M-4 for 
the maize monoculture. 
6 f 
' Rows and columns are as indicated in Fig. 39» 
^Bean grain dry weight, g/mf, summed over the 18 cuboidal sub-
samples and averaged over three 1 m^ sample areas per plot. 
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Table 32 cont. 
GRAIN YIELD^ BEAN GRAIN DRY WEIGHT, %c 
TRT^* BEAN MAIZE Row® Lateral ^  Central Lateral Sum 
A-IV 704 4056 6 0 1.7 0 1.7 
5 0 15.0 0 15.0 
4 0 39.9 0.4 40.3 
3 0 33.0 0 33.0 
2 0 3.0 0 3.0 
1 1.0 3.3 2.3 6.6 
Sum 1.0 95.9 2.7 105.1 
A-IV 324 4987 6 0 2.5 0 2.5 
Hîll 5 0 12.4 0 12.4 
4 1.0 30.7 0.3 32.0 
3 0 33.2 0 33.2 
2 0 9.3 0 9.3 
1 1.6 7.2 1.8 10.6 
Sum 2.6 95.3 2.1 66.1 
M-IV 2100 
M-4 5626 
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dominant position of the maize in the former system. Note that maize 
yield in the hill-planting equalled that in the bush, row-planted inter­
crop. 
I hypothesize that the more lateral leaf area distribution of the 
bush bean, coupled with its relative independence from the need for 
support, might be more suitable to exploiting the light environment of 
a hi 11-pianted maize treatment. 
Maize grain yields were from 947 to 1574 kg/ha higher in this trial 
than in comparable treatments of the previous trial, although the same 
general rankings were evident. Lessened competition from the lower 
yielding intercropped beans may have contributed to the higher maize 
yields in this experiment. In addition, the prolonged rains, cool tem­
peratures and low incident light energy of the previous season were in 
marked contrast to the generally favorable growing conditions of the 
present season (Fig. 1). 
Spatial variation in the distribution of seed yield (Table 32; 
Fig. 46) reflected the early trends in pod growth (Figs. 4l through 44). 
Due in part to bean lodging, seed yield in the monocrop bush bean was 
relatively evenly distributed in the horizontal dimension. The central 
40 cm zone contained 45% of the yield, whereas the lateral 60 cm contained 
55% of the yield. In association, the bush bean concentrated 65% of grain 
yield in the central zone, compared to the 95.9% concentration exhibited 
by the climbing bean. 
In the vertical dimension, the bush bean produced 100 and 91,6% of 
its seed yield in the lowermost 50 cm of the canopy when grown in mono­
culture and association, respectively. Conversely, the climbing bean 
E 
U 
o C£. 
C3 
lu 
> 
O 
m 
< 
CJ 
LATERAL CENTRAL LATERAL ]%CENTRAL 
200 - a) - b) 
150 
à ir\ 
-
100 
< V /• 
50 S  
0 O  1  •  1  1  1  1  0  © I I I  1  
40 20 20 40 20 20 40 
POD NUMBER ( O ) AND SEED YIELD ( # ), % of total 
c) 
200 
-
150 
-
100 
- w 
50 -
0 a , , 1 , id 
d) 4 
0 « , 1 I® 1^ 
N) 
X-
SPP = 4 2 
SWT = 100 
0 
0 
4 6 8 
100 200 
6 4 2 
100 0 100 200 
SEEDS PER POD (SPP)( # ) AND AVERAGE SEED WEIGHT (SWT)( Q ). mg/seed 
0 2 4 
Figure 46. Spatial variation at maturity in pod number and seed yield in a) Type II and b) Type 
IV beans, and in seeds per pod and average seed weight in c) Type II and d) Type IV 
beans, intercropped with row-planted maize 
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produced 72.9% of its seed yield in the 50 to 150 cm zone and 16.7% in 
the top 100 cm of the canopy, while retaining only 9.6% in the bottom 
50 cm. 
Grain yield distribution was well predicted by the distribution of 
pods in the climbing bean (Fig. 46b), implying that individual pod weight 
varied minimally within the canopy. Individual pod weight reflects the 
effects of both the number of seeds per pod and the average seed weight 
(Fig. 46d). With the exception of the topmost row, which contained only 
1.7% of the grain yield, the number of seeds per pod varied only from 
4.5 to 4.7 in the vertical dimension (Appendix Table 58). Average seed 
weight varied by only 6.3% throughout the vertical profile, except for a 
low value in the 25 to 50 cm row, a zone which accounted for only 3% of 
grain yield. 
In the bush bean, however, variation in individual pod weight in 
both the vertical and horizontal dimensions resulted in some discrepan­
cies between the distributions of seed yield and pod number (Fig. 46a). 
The lateral pods contained an average of 5.0 seeds per pod, whereas most 
of the central pods contained an average of 5.6 seeds per pod (Fig. 46c). 
Pods borne in the 100 to 150 cm layer, which supported only 0.5% of 
grain yield, contained an average of only 3.5 seeds per pod. In addi­
tion, laterally borne pods supported seeds weighing an average of 126  
mg/seed, compared to an average seed weight of 160 mg/seed in the cen­
trally borne pods of the same row (Appendix Table 58). Thus, laterally 
borne pods weighed less than centrally borne pods due to bearing 10 .7% 
fewer seeds per pod, the seeds of which weighed 20.6% less than those 
in the central pods. 
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The discrepancies in the distribution of bush bean grain yield and 
pod number in the vertical dimension (Fig. 46a), resulted primarily from 
variation in average seed weight. Individual seeds borne in the 25 to 50 
cm row weighed roughly 10% more than those in the rows immediately 
above and below. 
Discussion 
It was shown in the previous trial that the higher monoculture yield 
potential of the climbing bean was derived from its longer growth cycle. 
It was further demonstrated that intercropping disproportionately re­
duced climbing bean yield, compared to its effect on bush bean yield, 
by shortening the durations of both leaf area expansion and podfilling 
in the climbing bean. 
The results of the present trial support the hypothesis that the 
bean leaf area display relative to that of the maize was a primary 
determinant of the differential responses of the bush and climbing bean 
cultivars to the maize. The more depressive effect of the maize on the 
climbing bean, particularly during midseason, reflected the increased 
shading which resulted from the growth of the maize leaves. The central­
ized leaf area display of the climbing bean, coupled with its reliance on 
a podfilling interval which extended more deeply into the phase of lateral 
maize leaf area expansion in the upper canopy, effectively limited pod 
set and podfilling. 
Realization of the higher yield potential inherent in the longer 
growth cycle of the climbing bean could be achieved by modifying the leaf 
area display of the bean and maize. Longer bean petioles could serve to 
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broaden the volume exploited by the climbing bean canopy, and thus, to 
minimize direct competition with the maize for photosynthetic energy. A 
concomitant increase in maize internode length, coupled with a shortening 
of the maize leaves, could transmit more photosynthetic energy into the 
central zone, thus stimulating bean growth. 
It must be recognized, however, that increasing the competitiveness 
of the climbing bean may reduce maize growth and yield. In an earlier 
trial, it was shown that highest intercrop yields and most efficient land 
use were associated with the competitive relations that existed between 
clearly dominant and suppressed crops. As the competitive status of the 
bean was enhanced, overall system yield was reduced, suggesting that 
increasing intercrop bean yield may not necessarily improve overall 
system yield. 
Of the yield components, only the distribution of pod number appeared 
to be responsive to spatial variation in leaf area. The modest spatial 
differences in the number of seeds per pod and in average seed weight 
were more likely due to differences in sample size than to physiological 
reality. These findings corroborate an earlier conclusion that bean 
yield is most closely related to pod number. They also suggest, however, 
that once bean plant adaptation to intercropping is manifested in the 
number of pods retained, subsequent variation in seed set and in seed 
filling is minimal. No systematic variation in either seeds per pod or 
in seed weight was observed between early and late set pods or between 
pods borne high and low In the canopy. 
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Summary 
The differential responses of bush and climbing beans to Intercropped 
maize appeared to be related to spatial and temporal differences in the 
bean leaf area display. 
1. The distribution of maize leaf area In space was not uniform, but 
rather, exhibited a pronounced concentration In the zone immediately 
around the stalks. Because the row spacing was wide, light energy pene­
trating between the rows was potentially available to support bean 
g rowth. 
2. The climbing bean, due to its need for physical support in climbing, 
was unable to exploit the available light energy. Climbing bean leaf area 
was concentrated immediately around the maize stalks, in a zone increas­
ingly overtopped and surrounded by maize leaf area. 
3. Although Its leaf area was restricted to the bottom 1 m of the canopy, 
the more lateral leaf area distribution of the bush bean effectively 
minimized direct competition with the maize for light energy. The 
ability of the bush bean to exploit the light energy made available by 
widening the maize rows. In conjunction with its shorter growth cycle, 
which shortened the temporal overlap in peak bean and maize resource de­
mands (p. 178), lessened the yield reduction exhibited by the bush bean. 
4. it may be possible to increase climbing bean yield by genetically 
manipulating the Intercrop canopy to facilitate light Interception by 
the bean. When this restructuring was done mechanically, however, the 
Increased competitiveness of the climbing bean depressed maize yield. 
If the gain in bean yield does not compensate for the loss in maize yield, 
system productivity will be reduced. 
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5. Planting the maize in hills reduced yield of the intercropped 
climbing bean to less than half of that realized in the row-planting. 
The restricted leaf area distribution of the climbing bean, In conjunction 
with the umbrella-like maize canopy which resulted from the hi11-planting, 
apparently limited light interception by the climbing bean. I hypothe­
size that the canopy characteristics of the bush bean would be better 
suited to utilizing the additional light energy made available by grouping 
the maize into hills. 
6. Of the yield components, only pod number appeared to reflect the 
leaf area profile. Seed yield was accurately predicted by pod number 
in the climbing bean and, to a lesser extent, in the bush bean as well. 
Spatial variation in the number of seeds per pod and in average seed 
weight was minor and may have been related to differences in sample size. 
Neither the number of seeds per pod nor average seed weight varied sys­
tematically between early and late set pods or between pods borne high 
and low in the canopy. Yield plasticity was most closely related to 
pod number. 
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DISCUSSION 
Intercropping has traditionally been regarded as a cropping method 
suitable only for small farmers whose isolation from extension, credit 
and technological inputs restricts their entrance into the market 
economy. It is increasingly clear, however, that intercropping affords 
real, intrinsic advantages which may serve not only the isolated subsis­
tence farmer but the contemporary operator as well. I will not discuss 
at length the potential auxiliary advantages of intercropping on pest 
control (Barducci, 1972; Litsinger and Moody, 1976; Altieri et al., 1978), 
on soil erosion (Siddoway and Barnett, 1976) or on energy use efficiency 
(Norman, 1974; Heichel, 1976). I will concentrate, rather, on the evi­
dence for transgressive yielding by bean-maize intercrops and on the 
physiological bases which support it. 
The studies discussed here were conducted under near optimal manage­
ment, with soil resources maintained in a nonlimiting condition and with 
generally satisfactory control of insect, disease and weed pests. As 
such, this work was not intended to be directly applicable to the cropping 
needs of small farmers, but rather, was designed to provide an understand­
ing of bean-maize interaction In the absence of soil and pest limits. 
With this baseline information, the limits constraining yield in the 
fields of small farmers can be studied and compared. 
Transgressive Yielding 
It is generally assumed that a properly managed monocrop grown at 
optimal population density will equal or exceed the yielding potential of 
a comparably managed intercrop (Trenbath, 1976). Implicit in this 
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assumption is the belief that resource use efficiency by a high-density, 
high-input monocrop equals or exceeds that by any combination of crops. 
I contend, however, that the inherent inefficiency of monocrops, 
especially of row-planted maize, in intercepting light (Lemeur and Blad, 
1974), specifically during early growth, can be improved by intercropping. 
The photosynthetic energy which is transmitted to the ground in the 
interval between planting and the attainment of full cover represents a 
wasted resource. The utilization of this resource by an intercropped 
bean effectively increases total resource use or "space occupied" by the 
intercrop. To the extent that yield is proportional to space occupied, 
the intercrop has the potential to yield transgressively. 
In the high-density monocrop maize, light energy interception mea­
sured at 1 m aboveground, in mid furrow, did not exceed 80% between 50 
and 75 days from planting (Fig. 25). During this interval, the maize LAI 
increased from roughly 3-3 to 4.2 (Appendix Table 39). Incomplete light 
interception presumably resulted from the relatively wide, 1 m, row 
spacing used in this study, because an LAI of 3.5 to 4.0 is generally 
regarded as capable of full (95%) interception in maize (Williams et al., 
1968). 
The high-density monocrop maize required 54 days to accumulate an 
LAI of 4.0, compared to the roughly 35 days required by the intercrops 
(Fig. 47). System LAI in both the Type II and IV intercrops substantially 
exceeded that in the high-density maize between 26 and 60 days, and be­
tween 26 and 75 days, respectively. As a result. Leaf Area Duration 
(LAD: calculated as the sum of the LAI's between 26 and 82 days) in the 
Type II and IV intercrops — 38.3 and 49.2 leaf area-weeks — exceeded 
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Figure 47- Total leaf area index in Type II ( O ) and Type IV ( • ) intercrops and in 
maize monocrops at 40,000 ( A ) and at 55,000 ( A ) plants per hectare. 
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that in the high-density monocrop maize — 28.3 leaf area-weeks — by 
35.3 and 74%, respectively. 
Although unquantified, the 1J\D of the high density monocrop maize 
may have exceeded those of the intercropped maizes between 82 days and 
maize maturity. In at least one study, leaf area of a brachytic maize, 
ICA H-210, declined more rapidly when intercropped with the climbing 
bean cultivar, P589, than when grown as a monocrop (T. Edge, Visiting 
Research Associate, C.I.A.T., 1978, personal communication). Thus, the 
intercrop advantage In LAD at 82 days may have diminished somewhat by 
maize maturity. It Is likely, however, that LAD in the intercrops re­
mained larger at maturity. A larger LAD and, especially, the mainte­
nance of full cover over a longer time interval (Fig. 47),would Increase 
crop photosynthesis and has been associated with yield in beans (C.I.A.T., 
1978) and in other crops (Willey, 1979a). 
These findings support the conclusion of Willey (1979a) that an 
intercrop yield advantage is more likely to result from increased light 
interception over time (LAD) than from Improved distribution of light 
within a full canopy. 
I further contend that the Intensity of soil resource use by the 
crop system Is also increased by intercropping with beans. Nitrogen and 
phosphorous uptake have been related to root density (Baldwin et al., 
1972) and to root growth (Newman and Andrews, 1973), respectively. System 
root growth and thus, root density, would Increase in response to the 
Increased light interception by the system, effectively expanding the 
nutrient dimensions of the space occupied by the Intercrop system. 
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Although the absolute difference between nutrient uptake in monocrop 
and intercrop appeared to increase with time (Figs. 36, 37 and 38), the 
relative differences actually decreased (Table 33). The largest relative 
advantage in Intercrop nutrient uptake occurred during early growth, 
coinciding with the largest relative advantage in intercrop leaf area 
(Fig. 47). I emphasize that this postulated effect is independent of 
the nitrogen fixing capability — and thus, the potential nitrogen 
sparing effect — of the bean. Nitrogen fixation could have been inhib­
ited by the high nitrogen status of the soils and by the applied ferti­
lizers. Accordingly, the effect which I have proposed is equally proba­
ble in legume or in nonlegume intercrops as well as in legume-nonlegume 
intercrops. 
The lessening of the early intercrop advantages in leaf area index 
(Fig. 47) and nutrient uptake (Figs. 36, 37 and 38) with time reflects 
the increasingly complete use of environmental resources by the high-
density monocrop maize. Eventually, both types of cropping systems are 
capable of fully utilizing the environment. The critical point Is the 
accessibility of the intercrop to resources which were available, but 
unutilized by the seedling maize. 
These resources can support transgressive yielding, however, only if 
the bean yield contribution is not exceeded by a corresponding maize 
yield loss. The specific competitive balance attained by the bean and the 
maize determines not only the individual yield of each component but 
total system yield as well. Shifting the balance of resource use between 
the bean and maize by means of modifications in maize canopy structure 
and population clearly demonstrated that highest yields were attained 
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Table 33. Nutrient uptake expressed as the proportion by which inter­
crop uptake exceeded that in the high-density monocrop maize 
INTERCROP ADVANTAGE,  % OVER MONOCROP® 
DAY'^  NITROGEN PHOSPHOROUS POTASSIUM 
26 96 71 92 
33 96 106 72 
40 33 39 20 
47 52 60 41 
54 43 23 25 
60 29 28 5 
68 14 3 -3 
75 70 14 25 
82 107 13 
-7 
^Calculated as (Intercrop average - Monocrop maize at 55 ,000  
plants/ha)/Monocrop maize at 55,000 plants/ha. 
'^Days from planting. 
when the two crops interacted as dominant and suppressed components. 
Leaf display is the key to maize dominance in both the bush and 
climbing intercrops. The restricted extension potential of the bush bean 
is ill-suited to competing with the more vertically oriented maize 
growth. The initial phase of mutually negative interaction between the 
two components ended when the vertical extension of the maize stalk 
resulted in an overtopping of the bean by the maize canopy. Subsequent 
maize growth paralleled that of the monocrop maize (Fig. 24), whereas that 
of the bush bean progressively declined (Appendix Table 38). The compet­
itive balance was decidedly unequal and, thus, the yield from the 
Increasingly dominant maize approached that achieved by the monocrop 
maize, whereas that of the bush bean was reduced to about 40% of that in 
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monoculture (Appendix Table 40 and Table 25, respectively). 
Less easy to visualize is the means by which the climbing bean is 
suppressed when intercropped with maize. Simple intuition would suggest 
that the greater extension ability of the climbing bean should position 
the bean leaves higher in the canopy, where they would suffer less 
shading. 
Although the leaf area of the climbing bean did penetrate higher 
within the canopy, its distribution was restricted to the zone immediate­
ly around the maize stalks. The stalks are the only part of the maize 
canopy strong enough to support the weight of the bean canopy. As the 
season progressed, the increasing concentration of maize leaf area above 
and around the beans virtually encased the climbing bean foliage. 
The effectiveness of the maize leaf display in intercepting light 
and in suppressing the climbing bean was strikingly revealed when the 
bean canopy was physically separated from the maize and artificially 
supported between the maize rows (Treatments 12 and 21, Table l4b). When 
the two canopies were separated in space, bean yield was increased by 45%, 
but most interestingly, maize yield was decreased by 35%, reducing total 
energy and protein yields by 23 and 5%, respectively, compared to the 
maize-entrained treatment. These trends clearly demonstrate not only the 
effect of the maize leaf display in suppressing the climbing bean but 
also underscore the negative effect on total yield of enhancing the com­
petitiveness of the climbing bean. When the bean and maize competed as 
equals, yields were reduced by 55 and 45% from their respective monocrop 
potentials, compared to the 69 and 8% reductions observed in the 
dominant-suppressed interaction. 
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Clearly, then, intercropping with a bean can successfully exploit 
underutilized, early season resources and contribute to transgressive 
yielding only if the bean does not directly compete with the maize during 
later growth. 
It is probable that narrowing the maize rows to increase light inter­
ception by the maize would limit light transmission to the level of the 
bean canopy and reduce bean yield. The question of whether the maize 
yield increase under narrow, 80 cm rows would equal or exceed the bean 
yield decrease from that realized under the wide, 100 cm maize rows will 
have to await further experimentation. I do think it likely, however, 
that the potential yield advantage implied by accessing underutilized 
early season resources can only be realized if the bean is allowed to 
mature under the moderately favorable conditions provided by the wide 
row maize. 
Bean-Maize Interactions 
Interactions between intercrop components are conditioned by spatial 
and temporal differences in their life cycles. One of the objectives of 
this study was to interpret the relatively more negative effect of the 
maize on the climbing than on the bush bean yield. In one experiment, the 
monocrop yield advantage of the climbing over the bush bean — 659 kg/ha 
or 28% — was reduced to 140 kg/ha or 15% in association. Intercropping 
reduced bean yield by 65% in the climbing bean compared to 61% In the bush 
bean, although the observed differential is usually larger. 
Under the conditions of this study, I attribute the differential 
effect of the maize on bush and climbing bean yields to differences in 
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the bean leaf area display and in the length of the bean life cycle. 
Leaf area display 
Given the wide row spacing of the maize and the demonstrated ability 
of the maize to suppress beans growing near the stalk, I propose that 
the critical determinant of intercropped bean yield is the lateral, rather 
than the vertical, leaf area distribution. The leaf area of the bush bean 
was restricted almost entirely to the bottom 1 m of the canopy, whereas 
that of the climbing bean tended to be concentrated between 50 and 150 cm 
aboveground. However, the free standing character of the indeterminant 
bush bean, encouraged perhaps by the shading around the maize stalk, 
resulted in the dispersion of bean leaf area into the one zone where 
photosynthetic energy was most available — into the furrow. The bush 
bean maximized its yield under light limiting conditions by minimizing 
direct competition with the maize for light energy. 
Neither light transmission nor bean yield were measured in an inter­
crop with maize in 80 cm rows. I suggest, however, that in the bush bean 
intercrop, widening the maize rows and lowering the maize population has 
the useful effect of increasing light transmission and, presumably, 
increasing bean yield, without the concomitant risk of stimulating bean 
competition. The limited extension potential of the bush bean minimizes 
its ability to compete effectively with the maize for light energy. Thus, 
lowering maize population by 27%, from 55,000 to 40,000 plants per hectare 
did not significantly reduce maize yield (4565 vs. 4051 kg/ha, respective­
ly), yet permitted the realization of a 925 kg/ha intercrop bean yield, 
resulting in an intercrop LER of 1.17. Although not measured, I would 
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doubt that light transmission in a narrow-row, high-density monocrop 
maize would support a significant bean yield. 
Wider row spacing and, perhaps lower maize population, would have 
less of an influence on light interception by the climbing bean because 
of its necessarily centralized leaf area distribution. It may be possi­
ble to enhance climbing bean yield under intercropped conditions by 
introducing longer bean petioles to broaden the proportion of available 
space explored by the bean leaves. Longer maize intemodes may also 
minimize light interception by the maize and thus, increase bean growth. 
However, the demonstrated potential of the climbing bean to significantly 
reduce maize yield, and, consequently, to lower overall system yield, 
when the canopies were separated indicates that increasing climbing bean 
yield may not serve to increase system productivity. 
In theoretical terms, the bush bean and the wide row maize are not 
competing for the same space because the photosynthetic energy which 
supports the bean yield is not denied to the maize. In this context, 
their interaction is not mutually exclusive and the potential for over-
yielding exists (de Wit, I960). Conversely, the climbing bean and maize 
are, in fact, potentially competing for the same or nearly the same space. 
Each crop has demonstrated the ability to reduce yield of the other be­
cause their leaves are directly juxtaposed in space. However, the re­
stricted, lateral distribution of the climbing bean effectively reduces 
it to the competitive equivalent of the low lying bush bean. Under these 
conditions, the climbing bean-maize interaction is not mutually exclusive 
and transgressive yielding is possible in both bean intercrops. 
257 
Life cycle duration 
The higher monoculture yield potential of the climbing bean was 
directly related to its longer life cycle. Compared to the 80 day bush 
bean, the 32 day climbing bean exhibited a two or three day delay in 
flowering, a one week longer flowering Interval, a one week delay in the 
onset of rapid podfilling and a two week extension in the duration of leaf 
area expansion. The prolonged leaf expansion interval increased LAI by 
30% and supported a two week extension in podfilling, ultimately realiz­
ing a 28% yield advantage over the monocrop bush bean. 
Because of these accumulating delays, climbing bean resource demands 
were exerted later In time. In monoculture, delaying and prolonging re­
productive growth has a beneficial Influence. The resulting larger source 
capacity has the potential to support a larger reproductive load and the 
pods are set and filled over a longer interval, providing flexibility 
under adverse conditions and high yield potential under favorable 
condltions. 
The optimal bean life cycle for yield under Intercropped conditions, 
however, depends on the timing and magnitude of resource demand by the 
dominant maize crop. The Intercropped beans are not subjected to the 
relative constancy of the monoculture environment, but rather, must adapt 
to an environment which varies with maize growth. 
The recognition that the Intercrop environment Is not constant but 
rather, deteriorates with time, has two Important Implications for bean 
breeders. 
First, the reproductive load set by the bean Is a reflection of the 
growth environment during flowering and pod set, within the context of the 
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previously and concurrently established source capacity. Cultivars vary, 
however, in their "reproductive strategy". 
A conservative strategy would entail setting a lower pod load than 
that which could be supported by existing source capacity, thus increasing 
the probability of maturing the set pods and, concomitantly, minimizing 
resource loss in aborted pods. A more exploitative strategy would in­
volve setting an excessive pod load, and thus increasing the yield po­
tential if conditions during podfilling are favorable, but risking sub­
stantial resource loss if conditions worsen. The former is a strategy 
associated with determinant crops, whereas the latter is perhaps charac­
teristic of indeterminant crops, especially those with a substantial over­
lap in the vegetative and reproductive functions. 
I would anticipate that genetic variation exists within the growth 
habits for the character which I have termed "reproductive strategy". I 
would further expect that, within limits, cultivars on the conservative 
end of the spectrum might be most suited to yielding well in the progres­
sively more shaded intercrop environment. 
The data in support of this hypothesis are limited to those from 
the eight Type II cultivars which survived to maturity in the first trial. 
Although the trends are persuasive, the lack of data for cultivar compar­
isons within the other habits makes the conclusions tentative. 
In association, the high yielding cultivars generally set fewer and 
heavier pods than did the low yielding cultivars, at both early and mid 
podfilling (Tables 7a,b, respectively). At maturity, however, the associ­
ated cultivars of the high and low yield groups matured comparable total 
pod numbers (Table 9). The 42% yield difference between the low and high 
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yield groups resulted from 20.6% more seeds per main stem pod and from an 
18.8% higher hundred seed weight. These trends are consistent with the 
hypothesis that high bean yield in a maize intercrop is associated with a 
conservative reproductive strategy — setting a few early pods and then 
filling them with more and heavier seed. 
The tendency of the high yield cultivars to emphasize main stem 
rather than branch borne yield is consistent with the conservative strat­
egy. Branches are a vehicle for broadening the resource space explored 
by a plant. If plant allocation of resources is conservative, however, 
especially under the high-density, highly competitive conditions of the 
maize Intercrop, then branch growth will be minimized. 
It is notable that the high yielding cultivars also expressed the 
conservative strategy In monoculture. Again, pod number was significantly 
lower in the high yield group at both early and mid podfilling, yet total 
pod numbers at maturity were comparable between the two groups. The 24.6% 
yield advantage of the high yield group in monoculture resulted from a 
28% higher hundred seed weight. 
I have postulated that under the highly competitive conditions of a 
well-managed crop at optimum population density, bean responses to its 
neighboring plants — whether maize or bean — are basically the same. 
This conclusion, which applies only to the Indeterminant bush bean, Im­
plies that selection for yield in a maize Intercrop could be practiced 
in monoculture. 
The inapplicability of this surmise to the climbing bean Is the 
second implication for bean breeders. The longer life cycle of the 
climbing bean results In a prolonged overlap Into the phase of maximum 
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maize resource demand. Although the durations of leaf expansion and of 
podfilling were unaffected in the shorter-lived bush cultivar, both 
phases were shortened in the climbing bean when intercropped. Climbing 
bean responses to neighboring maize plants thus differed in kind, as 
well as in magnitude, from those to neighboring bean plants. Furthermore, 
the worsening bean growth environment, exacerbated by its necessarily 
centralized leaf display, upset the balance of source and sink activities, 
resulting in node and pod losses which were even higher than those in 
monoculture (Table 22). Because of the inconstant intercrop environment, 
the exploitative strategy of the climbing bean was unable to realize its 
high yield potential, a finding which would not have been evident in 
monoculture. 
I want to stress vigorously, however, that the conservative bean 
reproductive strategy which I have concluded is the most appropriate for 
intercropping on the C.I.A.T. station, would be entirely inappropriate 
under more marginal conditions. The inconstancy of the intercrop environ­
ment at C.I.A.T. resulted from maize growth, not from insects, diseases, 
weeds, drought or mineral deficiencies. Imposition of any or all of 
these stresses would fundamentally alter the interaction between the bean 
and maize and, I might add, increase the possibility of noncompetitive 
interaction and overyielding. 
Stratification of rooting volumes, which probably had little effect 
on yield under the optimal conditions of this study, may be the critical 
determinant favoring overyielding in poorer soils. Legumes and nonleg-
umes, although not bean and maize specifically, have been shown to differ 
In rooting depths as well as In root morphological and metabolic 
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characteristics. Nutrient requirements differ between and within crops, 
differences which could be exploited to form compatible, complementary 
associations. 
As noted by Harper (1967)» however, it is improbable that the 
characteristics allowing positive interniching or complementary resource 
use would be found by randomly assorting the cultivars of different 
crops. Selection for ecological combining ability in a given environ­
ment, through logical assortment based on known differences in rooting 
characters, in nutrient requirements, in insect tolerances or in phasic 
development is a much more promising approach. The application of this 
approach, however, will require an organized, concerted effort designed 
not only to quantify critical characters in the potential intercrop 
components but also to characterize the selected environments. I hope 
that this study will provide the background information to support such 
an enterprise. 
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SUMMARY 
Bean responses to intercropped maize were evaluated In four 
experiments conducted on the C.I.A.T. station near Palmira, Colombia. 
The original objectives of this study were: 
1. To test hypotheses that resource competition in space and in time 
accounted for the depressive effect of maize on bean yield, and, 
2. To relate differences in the yield response of bush and climbing 
bean cultlvars to differences in their life cycles. 
These objectives were only partly attainable due to problems with the 
climate, with persistent lodging by the maize and with Insect and 
disease damage. 
Additional objectives were added during the course of the study: 
3. To compare the yield potentials of monocrops and intercrops of bean 
and maize under optimal growing conditions; and consequently, 
4.  To def ine  the factors  resul t ing in  t ransgressive  y ie ld ing by the  
intercrops.  
1. Spatial and temporal differences in the life cycles of the Indeter-
mlnant bush (Type II) and climbing (Type IV) beans affected yield in 
monoculture as well as in association. 
1. The monoculture yield advantage of the climbing bean was derived 
from its longer life cycle. A two week longer leaf expansion interval 
resulted In a 30% greater LAI, which supported a two week longer podflll-
ing interval and resulted in a 28% yield advantage. 
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2.  Intercropping cur ta i led the durat ions of  both leaf  area expan­
s ion and podf i l l ing in  the c l imbing bean,  but  not  in  the bush bean.  The 
h igher  y ie ld  potent ia l  o f  the  c l imbing bean,  which was der ived f rom i ts  
longer  l i fe  cycle ,  could  not  be rea l ized in  associat ion.  
3 .  The leaf  area d ist r ibut ion of  the  c l imbing bean was found to  be 
concentrated near  the  maize  s ta lk ,  in  a  zone increasingly  over topped 
and surrounded by the maize leaves. The apparent height advantage of the 
climbing bean, compared to the bush bean, was ineffective In Increasing 
light interception. 
4. I propose that lateral leaf display — into the furrow, the 
zone least affected by the maize leaf area — is the key to higher bean 
yield under intercropped conditions. The free-standing character of the 
bush bean permitted lateral dispersion of bean leaf area to minimize 
direct competition with the maize for photosynthetic energy and thus, to 
suffer a lesser yield reduction than did the climbing bean. 
I I .  Highest  In tercrop system y ie lds were  associated wi th  the interac­
t ions between c lear ly  dominant  and suppressed crop components .  When 
compet i t ion was enhanced by separat ing and support ing the  c l imbing bean 
canopy In  the furrow between the  maize  rows,  to ta l  system y ie ld  decl ined.  
1. When the canopies were separated, bean yield increased by 45% 
and maize yield decreased by 35%, reducing total energy and protein 
yields by 23 and 5%, respectively, compared to the yields achieved In a 
normal, maize-entrained Intercrop. 
2.  Maize  leaf  d isplay  was shown to  be the  determinant  of  dominance 
In  both the bush and c l imbing bean associat ions.  The restr ic ted 
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extension potential of the bush bean limited its effectiveness in light 
competition with the maize after an initial, mutually negative phase. 
The centralized leaf distribution of the climbing bean minimized its 
ability to compete with the maize after a somewhat longer early phase. 
3. When the climbing bean was further suppressed by the umbrella­
like canopy of hill-planted maize, bean yield was reduced by an addi­
tional 54% and maize yield was increased by 23% compared to the yields 
realized in the row-planted maize treatment. 
4. Genotypic differences among bean cultivars alter the competi­
tiveness of the bean with the intercropped maize, and thus affect bean 
yield potential in the intercrop. The demonstrated potential of the 
climbing bean to reduce maize yield and thus, to reduce total system 
yield, however, would suggest that increasing climbing bean competitive­
ness and yield may not serve to increase overall system productivity. 
III. The physiological bases for transgresslve yielding In bean-maize 
intercrops were Investigated. I demonstrated that: 
1. LAI adequate for full cover was attained three weeks earlier in 
the bean-maize Intercrops than in the high-density, monocrop maize. 
LAD' s  in the bush and climbing bean Intercrops exceeded that of the mono-
crop maize by 35 and 74%, respectively, at the end of the bean life 
cycle. 
2. Early intercrop system advantages in nutrient uptake — which 
amounted to 96, 71 and 92% In excess of the nitrogen, phosphorous and 
potassium accumulations of the high-density monocrop maize — declined 
with time, reflecting the Increasingly complete use of environmental 
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resources by the monocrop maize. 
The potential for transgressive yielding by the intercrop was 
derived from the access of the bean to light and nutrient resources which 
were available to, but unutilized by, the seedling maize. Realization 
of this potential yield advantage, however, depended on the maintenance 
of the bean in a suppressed condition during later growth, such that 
maize yield was little affected. 
IV. I propose that a conservative bean reproductive strategy is best 
suited to high bean yield when intercropped under optimal growing 
conditions. 
1. High yielding bush cultivars tended to set fewer pods during 
early and mid podfilling stages. At maturity, pod numbers were comparable 
between the high and low yielding cultivars, and the 42% average yield 
difference between the groups resulted from 21% more seeds per main 
stem pod and 19% heavier seeds. Once the bean response to intercropping 
had been determined in pod number, subsequent yield variation was deter­
mined by the other yield components. 
2. Consistent with the conservative strategy, emphasis on main stem 
borne yield was also characteristic of the high yielding bush cultivars. 
3. The conservative strategy, which may be appropriate under a 
high level of crop management, would probably be wholly inappropriate 
under marginal conditions. 
V. I conclude that, under optimal growing conditions, cultivar selection 
in monoculture for performance in association Is justified in the bush 
but not in the climbing growth habit. 
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1. Responses of indeterminant bush bean cultivars to neighboring 
plants — both beans and maize — differed primarily in magnitude. 
2. In addition to the effects of magnitude, however, the phenotype 
of the climbing cultivar — expressed in the durations of both leaf area 
expansion and podfilling — was modified by the maize. The effect of 
the curtailment of these growth and developmental phases on yield would 
vary with the unique phenotype of each cultivar and would not be 
apparent in monoculture. 
3. Under less controlled conditions, however, particularly when 
the component crops differ in rooting depths, in degree and timing of 
resource demands or in tolerance to insect or disease pests, crop 
performance in monoculture may have little bearing on its relative yield 
in association. 
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Table  34.  Orthogonal  contras t  matr ices  used in  compar ing bean perform­
ance in  monocul ture  and associa ted  sys tems,  and between 
high and low y ie ld ing groups  in  each cul tura l  sys tem 
LOW YIELD GROUP HIGH YIELD GROUP 
P402 P524 P643 P756 P17 P488 P675 P566 
CONTRASTS M" A M A M A M A M A M A M A M A 
Matrix 1^ 
1 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
2 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 0 0 
3 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 0 0 
5 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 0 0 
7 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 0 0 
8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 -1 
Matrix 11 
9 1 -1 1 -1 1 -1 1 -1 0 0 0 0 0 0 0 0 
10 0 0 0 0 0 0 0 0 1 -1 1 -1 1 -1 1 -1 
Matrix 111 
11 1 0 1 0 1 0 1 0 -1 0 -1 0 -1 0 -•1 0 
12 0 1 0 1 0 1 0 1 0 -1 0 -1 0 -1 0 -1 
^Cultural systems are designated as M (Monoculture) and 
A (Association). 
Matrix I: Contrasts 1 through 8 compare the performance of each 
cultivar individually, in monoculture and in association. 
Matrix II: Contrasts 9 and 10 compare bean performance in the 
monoculture and associated systems, for the low and high yield groups, 
respectively. 
Matrix III: Contrasts 11 and 12 compare the high and low yield 
groups in the monoculture and associated systems, respectively. 
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Table  35. Orthogonal  contras t  matr ices  used in  compar ing growth and y ie ld  
responses  of  Type I I  and IV bean cul t ivars  grown in  monocul­
ture  and in  associa t ion wi th  maize  
TYPE 11 TYPE IV 
CONTRASTS M^ A M A DEFINITION 
Matrix 1 
1 0 1 0 -1 Associated Type II vs. Type IV 
2 1 0 -1 0 Monoculture Type II vs. Type IV 
3 1 • -1 1 -1 Associated vs. Monoculture 
Matrix II 
i» 1 • -1 0 0 Type II Monoculture vs. 
Associated 
5 0 0 1 -1 Type IV Monoculture vs. 
Associated 
6 1 1 -1 -1 Type 11 vs. Type IV 
^As def ined in Appendix Table 34.  
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Table  36.  Numerical  growth parameters  evaluated a t  weekly  in tervals  
in  Type I I  and IV cul t ivars  grown in  monocul ture  and in  
associa t ion wi th  maize  
NUMERICAL PARAMETERS, no/m^ 
DAY® CULTURAL*'  TOTAL NODES TOTAL RACEMES TOTAL PODS^ 
SYSTEM 1 1 IV 11 IV 11 IV 
26 M 184 •is is 259 
A 190 230 
SE^ 15 
33 M 323 453 
A 313 it 401 
SE 20 
40 M 398 *** 584 
is 
A 338 isisis 504 
SE 20 
47 M 519 a** 660 62 a 43 107 78 
a* is 
A 416 a** 617 48 aa 23 85 a 43 
SE 21 5 12 
54 M 543 isisis 709 121 129 232 246 
* a a aaa aa 
A 427 isisis 709 80 100 123 172 
SE 34 10 16 
^Days from planting into wet soi l .  
^^As def ined in Appendix Table 34.  
^Pods longer than 5 cm were counted. 
^Standard error of the mean derived for each harvest separately, 
with 9 error df; significant differences between treatments, as determined 
from the contrast matrices in Appendix Table 35, are denoted by *, ** 
and *** (5, 1 and 0.1% levels of probability, respectively). 
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Table  36 cont .  
DAY^ CULTURAL^ 
SYSTEM 
NUMERICAL PARAMETERS, 2  n o / m  
TOTAL NODES TOTAL . RACEMES TOTAL PODS^ 
1  1  IV 1 1  IV 1 1  IV 
6 0  M 4 6 3  *** 7 0 3  1 1 9  A *  1 7 0  2 2 9  A A A  3 8 0  
* A *  * A A A  
A 3 3 3  *** 6 1 3  6 0  *** 1 2 3  1 0 8  A A A  2 3 3  
SE^ 38 1 1  2 0  
6 8  M 4 5 0  A s V î V  5 8 8  1 2 7  ** 1 6 6  2 2 8  A A  2 9 7  
A  ** A A *  A A A  
A 3 2 2  A î V î V  5 2 5  5 2  *** 1 1 8  9 0  aaa 2 0 1  
SE 3 0  9  1 5  
7 5  M 4 5 2  5 5 6  1 1 5  1 6 8  2 1 6  2 8 5  
** aa a 
A 3 4 9  *** 5 7 8  5 5  * 1 3 6  9 8  aa 2 0 3  
SE 3 3  1 2  2 3  
8 2  M 5 4 8  1 6 9  2 9 7  
*** aaa 
A 4 5 3  1 0 4  1 5 9  
SE 3 2  4  1 0  
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Table  37.  Bean leaf  area  parameters  evaluated a t  weekly  in tervals  in  
Type I I  and IV cul t ivars  grown In  monocul ture  and in  
associa t ion wi th  maize  
DAY^ CULTURAL^ LAI 
c 
SLA^ LWR® 
SYSTEM 1 1 IV 11 IV 1 1 IV 
26 M 1.3 1.5 336 
* 
* 388 0.70 *** 0.80 
A 
A 1.3 1.4 394 420 0.67 *** 0.80 
SE^ 0.1 15 0.01 
33 M 2.8 2.9 401 
.L 
462 0.61 *** 0.72 
A 2.6 2.7 439 *** 522 0.60 *** 0.70 
SE 0. 1 9 0.01 
40 M 3.9 
•h 
4.1 343 
A* 
374 
•k-k-k 
0.55 *** 0.67 
** 
A 3.1 3.6 411 * 460 0.53 *** 0.65 
SE 0.2 13 0.005 
47 M 5.1 5.1 378 
* 
391 
** 
0.46 *** 0.58 
** 
A 3.5 5.0 451 497 0.41 *** 0.57 
SE 0.6 23 0.01 
54 M 4.0 
îV 
*** 5.7 
* 
325 
*** 
* 370 
*** 
0.31 *** 0.51 
A 3.1 4.7 425 452 0.32 *** 0.49 
SE 0.3 13 0.02 
^''''^As defined in Appendix Table 36. 
c 2 2 
Leaf Area Index, expressed as m leaf area/m land area. 
'^Specific Leaf Area, calculated as cm^ leaf surface (one side)/ 
g blade dry weight. 
®Leaf Weight Ratio, calculated as g blade dry weight/g total dry 
weight. 
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Table  37 cont .  
DAY^ CULTURAL^ 
SYSTEM 
LAI 
c 
SLA^ LWR® 
II IV II IV 1 1 IV 
6 0  M 2 . 9  *** 6 . 4  3 2 1  *  4 3 2  0 . 2 2  * * *  0 . 3 8  
Me A *  
A 2 . 2  A  4 . 2  4 5 4  4 5 7  0 . 2 3  * * *  0 . 3 9  
SE^ 0 . 5  2 9  0 . 0 1  
6 8  M 1 . 9  *** 4 . 4  2 9 0  3 3 0  0 . 1 2  * * *  0 . 3 0  
*** ** 
A 1 . 2  îVjVA 3 . 8  4 1 6  4 1 8  0 . 1 2  * * *  0 . 3 4  
SE 0 . 3  1 8  0 . 0 2  
7 5  M 0 . 5  4 . 5  3 1 2  * *  3 7 3  0 . 0 2  * * *  0 . 2 2  
AsVA * 
A 2 . 3  4 1 6  0 . 1 7  
SE 0 . 3  1 2  0 . 0 2  
8 2  M 1 . 6  2 7 4  0 . 1 1  
*** *** 
A 0 . 8  3 6 2  0 . 0 9  
SE 0 . 1  1 6  0 . 0 1  
Table 38.  Bean dry weight part i t ioning parameters evaluated at  weekly intervals in Type I I  and IV 
cult ivars grown in monoculture and in associat ion with maize 
day^ cultural' '  
SYSTEM 
DRY WEIGHT, g/m 
BLADE STRUCTURAL^ POD TOTAL 
1 1 IV 11 IV 1 1 IV II IV 
26 M 3 7 . 7  4 0 . 1  1 6 . 6  15.0 5 4 . 3  5 5 . 1  
A 3 4 . 5  32.6 1 6 . 9  12.7 5 1 . 4  4 5 . 3  
SE® 3 . 6  1 . 5  5 . 1  
3 3  M 6 8 . 8  63.2 
•k 
4 4 . 5  3 7 . 1  1 1 3 . 2  1 0 0 . 3  
A 5 9 . 7  5 1 . 9  3 9 . 2  3 3 . 9  98.8 8 5 . 8  
SE 3 . 3  2.9 6 . 0  
4 0  M 1 1 3 . 5  
*** 
110.0 
*** 
9 4 . 8  
*** 
** 78.3 
aa 
2 0 8 . 4  
aaa 
1 8 8 . 3  
aaa 
A 7 5 . 3  78.0 66.7 6 2 . 4  1 4 2 . 1  1 4 0 . 4  
SE 3 . 7  3 . 3  6 . 8  
4 7  M 1 3 3 . 3  
*** 
129.1 
* 
1 4 4 . 2  
** 
a 112.5 1 3 . 2  11.1 2 9 0 . 7  
aaa 
252.7 
a 
A 7 7 . 4  99 . 4  98.0 94.2 1 2 . 9  8 . 1  1 8 8 . 3  2 0 1 . 7  
SE 9 . 2  7 . 4  1 . 6  1 5 . 6  
5 4  M 123.1 * 
*** 
1 5 4 .8 
*** 
1 6 8 . 6  
*** 
a 135 . 4  
a 
9 8 . 6  
aaa 
A A A  4 7 . 8  3 9 0 . 2  
aaa 
*  3 3 8 . 0  
aaa 
A 7 1 . 5  *  103.8 9 6 . 1  1 0 3 . 6  5 3 . 6  "  3 1 . 7  2 2 1 . 1  2 3 9 . 1  
SE 8.5 8 . 6  6 . 0  1 3 . 9  
60 M 
A 
SE 
91.2  *** 147.6  
47.5 "" 92.6 
8.5 
143.8  138.7  
78.9 100.2 
8 . 2  
1 6 8 . 0  1 3 5 . 1  
78.8  76 .6  
1 1 . 2  
403.0 421.4 
*** A** 
205.1 269.4 
23.8 
68 M 
A 
SE 
57.7 *** 134.0 
A* AîVîV 
23.3 *** 90.3 
7.3 
128.4 120.6 
48.0 A* 111.7 
9.4 
266.8 224.0 
100.4 99.2 
13.8 
452.9 478.6 
*A 
181.7 " 301.2 
28.4 
75 M 
A 
SE 
8.5 *** 117.1 
*** 
3.4 *** 52.8 
6 . 6  
116.3  
*** 
47.9 
124.4 
**  101.1 
9.0 
303.1 324.3 
114.5 175.1 
30.9 
427.9 " 565.8 
A* ** 
175.8 * 329.0 
40.9 
82 M 
A 
SE 
58.5 
23.2 
2.5 
131 5 
A 
85.4 
1 1 . 6  
360.1 
169.0 
9.3 
550.1 
AAA 
277.6 
22 .8  
^'^'®As defined in Appendix Table 36. 
'Structural includes petiole, branch and main stem tissues. 
Pod includes podwall as well as seed tissues. 
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Table  39.  Maize  leaf  area  and dry  weight  parameters  measured a t  weekly  
in tervals  in  monocul ture  a t  two popula t ions  and in  associa­
t ion wi th  Type I I  or  IV bean cul t ivars  
DAY* TRT^ LAI MAIZE DRY WEIGHT, Q / M F  
BLADE^ STALK REPRODUCTIVE^ TOTAL 
2 6  A-II 0 . 4 0  1 8 . 9  8 . 5  2 1 . 3  
A-IV 0 . 4 3  1 4 . 1  8 . 7  22.8 
M - 4  0 . 4 0  1 3 . 7  8 . 7  2 2 . 1  
M - 5  0 . 6 0  1 9 . 7  1 2 . 7  3 2 . 2  
SE® 0 . 0 4  1 . 4  1 . 0  2 . 5  
3 3  A-ll 0 . 9 3  3 4 . 5  2 4 . 5  5 9 . 0  
A-IV 1 . 1 1  4 1 . 0  3 0 . 5  7 1 . 4  
M - 4  1 . 2 4  4 9 . 0  3 3 . 7  82.7 
M - 5  1 . 1 7  4 5 . 6  3 0 . 6  76.2 
SE 0 . 0 9  3 . 8  3 . 4  7 . 0  
4 0  A-ll 1 . 5 4  6 9 . 8  6 1 . 0  1 3 0 . 7  
A-IV 1 . 6 4  6 8 . 4  5 8 . 2  1 2 6 . 6  
M - 4  2 . 0 1  9 4 . 7  7 7 . 8  1 7 2 . 5  
M - 5  2 . 6 4  1 2 0 . 4  96.6 2 1 7 . 0  
SE 0 . 2 2  1 0 . 3  10.5 2 0 . 8  
4 7  A-ll 2 . 5 4  1 1 4 . 9  126.9 2 5 7 . 2  
A-IV 2 . 6 4  1 2 2 . 4  1 3 3 . 9  2 7 3 . 1  
M - 4  3 . 2 3  1 5 5 . 6  1 8 7 . 7  3 6 5 . 8  
M - 5  3 . 2 8  1 5 8 . 4  172.8 3 5 5 . 9  
SE 0 . 1 6  9 . 9  13.8 2 4 .9 
^Days from planting. 
^Treatment: designated as A-11 and A-IV for the Type II and IV 
associations; and M-4 and M-5 for the maize monocultures at 40,000 and 
55,000 plants/ha, respectively. 
'^Detached from the sheath at the ligule. 
^Whole ear, including encircling husk tissue. 
^Standard er ror  of  the  mean wi th  9  er ror  df .  
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Table  39 cont .  
DAY^ TRT^ LAI MAIZE DRY WEIGHT, G / M F  
BLADE^ STALK REPRODUCTIVE^ TOTAL 
5 4  A-Il 
A-IV 
M - 4  
M - 5  
2 . 8 4  
2 . 6 6  
3 . 1 9  
3 . 8 3  
1 4 9 . 0  
1 2 5 . 1  
1 7 9 . 6  
1 9 2 . 5  
2 4 4 . 2  
1 8 4 . 5  
3 0 1 . 3  
3 0 9 . 2  
1 . 7  
0 . 0  
4 . 1  
4 . 5  
4 4 2 . 0  
3 4 5 . 0  
5 3 2 . 3  
5 6 2 . 6  
SE® 0 . 2 0  1 1 . 7  2 7 . 0  3 . 2  4 6 . 0  
6 0  A-Il 
A-IV 
M - 4  
M - 5  
3 . 5 6  
2 . 9 2  
3 . 3 3  
4 . 2 4  
1 8 1 . 5  
1 4 6 . 9  
1 9 2 . 0  
2 3 1 . 4  
3 4 0 . 0  
2 8 4 . 3  
3 9 0 . 9  
4 1 6 . 9  
4 4 . 6  
2 1 . 8  
7 2 . 1  
4 8 . 5  
6 1 8 . 3  
5 0 1 . 6  
7 0 3 . 8  
7 5 8 . 7  
SE 0 . 1 6  8 . 7  1 3 . 8  7 . 1  2 5 . 0  
6 8  A-Il 
A-IV 
M - 4  
M - 5  
3 . 0 7  
3 . 1 0  
3 . 2 8  
4 . 7 2  
1 7 2 . 6  
1 6 7 . 6  
1 9 4 . 8  
2 6 2 . 3  
3 8 9 . 0  
3 5 3 . 0  
3 9 4 . 1  
4 7 0 . 5  
2 1 1 . 4  
1 5 5 . 4  
2 1 3 . 8  
2 5 3 . 8  
8 2 2 . 8  
7 2 7 . 2  
8 8 4 . 4  
1 0 3 7 . 3  
SE 0 . 1 1  9 . 7  2 7 . 5  2 2 . 6  5 3 . 0  
7 5  A-Il 
A-IV 
M - 4  
M - 5  
3 . 3 6  
3 . 1 2  
3 . 5 7  
4 . 2 1  
1 9 2 . 5  
1 7 2 . 4  
2 1 9 . 9  
2 2 1 . 3  
3 8 9 . 6  
3 5 6 . 4  
4 1 3 . 0  
4 3 5 . 1  
3 2 6 . 0  
2 9 8 . 8  
4 3 2 . 4  
3 2 3 . 1  
9 5 7 . 7  
8 7 5 . 3  
1 1 1 9 . 8  
1 0 2 2 . 2  
SE 0 . 2 6  1 0 . 3  2 7 . 6  3 3 . 8  6 2 . 7  
8 2  A-Il 
A-IV 
M - 4  
M - 5  
3 . 1 0  
3 . 1 0  
3 . 3 1  
3 . 5 6  
1 9 7 . 6  
1 9 8 . 4  
2 1 5 . 9  
2 4 4 . 4  
3 9 0 . 7  
3 4 8 . 0  
4 1 0 . 2  
4 4 8 . 9  
4 5 4 . 7  
4 4 9 . 9  
5 5 8 . 7  
4 8 0 . 6  
1 0 8 1 . 3  
1 0 4 4 . 1  
1 2 3 0 . 2  
1 2 2 0 . 2  
SE 0 . 2 2  1 4 . 7  3 3 . 2  4 7 . 3  9 3 . 2  
9 2  A-Il 
A-IV 
M - 4  
M - 5  
2 . 6 6  
2 . 3 6  
3 . 0 1  
3 . 8 1  
1 9 1 . 8  
1 5 3 . 3  
2 0 9 . 5  
2 4 2 . 6  
4 1 4 . 0  
3 5 7 . 3  
4 3 2 . 0  
4 5 8 . 5  
6 2 4 . 4  
4 0 7 . 0  
6 4 2 . 9  
6 3 2 . 5  
1 2 7 1 . 9  
9 4 1 . 3  
1 3 2 1 . 0  
1 3 7 4 . 1  
SE 0 . 2 3  1 2 . 1  3 0 . 0  4 6 . 5  7 3 . 3  
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Table  40.  Comparisons  among maize ,  Suwan-1,  gra in  y ie lds  rea l ized in  
monocul ture  a t  two popula t ions ,  and in  associa t ion wi th  
Type I I  or  IV bean cul t ivars  
ASSOCIATION 
Type 11 
Type IV 
MONOCULTURE 
40,000 
plants/ha 
55,000 
plants/ha 
MAIZE 
YIELD, 
kg/ha, 16% 
3561 
3109 
4051 
4565 
MATRIX A 
_L _f 
1 0 
1 0 
1 1 
• 1  - 1  
0 
0 
MATRIX B 
0 
1 
- 1  
- 1  
• 1  - 1  
0 3 
RESIDUAL 
SOURCE ^ SUMS OF SQUARES MEAN SQUARES F VALUE 
Treatment 3 12,865,730 4,288,577 6.26* 
C^ 1 10,315,338 15.05*** 
Cg 1 1,437,360 2.10 
C^ 1 1,113,032 1.62 
C^ 1 4,836,050 7.06** 
Cg 1 8,027,034 11.71*** 
Residual 1 2,646 
Error 9 6,167,107 685,234 
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Table  41.  Orthogonal  contras t  matr ices  used in  compar ing l ight  t rans  
miss ion readings  in  Type I I  and IV bean cul t ivars  grown in  
monocul ture  and in  associa t ion wi th  maize  
M-M® M- IV A- II A- IV M-4 M-•5 
CONTRAST 1 2 1 2 i 2 1 2 1 2 
MATRIX 1 
1 2 0 0 -1 -1 0 0 0 0 0 0 
2 0 1 1 0 0 -1 -1 0 0 0 0 
3 0 0 0 0 0 0 0 1 1 -1 -1 
4 -4 3 3 -4 -4 3 3 0 0 0 0 
5 0 -4 -4 -4 -4 -4 -4 6 6 6 6 
6 0 1 -1 1 -1 1 -1 1 -1 1 -1 
MATRIX II 
7 0 0 0 1 0 -1 0 0 0 0 0 
8 0 0 0 0 1 0 -1 0 0 0 0 
9 0 2 0 -1 0 -1 0 0 0 0 0 
10 0 0 2 0 -1 0 -1 0 0 0 0 
MATRIX 11 
n 0 1 -1 0 0 0 0 0 0 0 0 
12 0 0 0 1 -1 0 0 0 0 0 0 
13 0 0 0 0 0 1 -1 0 0 0 0 
14 0 0 0 0 0 0 0 1 -1 0 0 
15 0 0 0 0 0 0 0 0 0 1 -1 
16 0 0 0 0 0 1 0 -1 0 0 0 
^Treatment designations are defined in Appendix Table 39. 
''level; 1 = 105 cm aboveground, 2 = 135 cm aboveground. 
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Table  42.  Par t i t ioning of  the  t rea tment  var iance  in  l ight  t ransmiss ion 
according to  the  contras t  matr ices  in  Appendix  Table  41 
SOURCE 
Block 
T reatment 
M-II vs. A- 11 
Cg M-IV vs. A-IV 
M-4 vs. M-5 
C2j Type II vs. Type IV 
Cg M-4 and M-5 vs. A-II, A-IV, M-IV 
Cg Level 1 vs. Level 2 
Cy Level 1, A-II vs. A-IV 
Cg Level 2, A- vs. A-IV 
Cg Level 1, M-IV vs. A-11 and A-IV 
C^Q Level 2, M-IV vs. A-11 and A-IV 
C ^ ^  M-IV, Leve1 1 vs. 2 
C^2 A-11, Level 1 vs. 2 
C^2 A-IV, Level 1 vs. 2 
C^2| M-4, Level 1 vs. 2 
^15 Level 1 vs. 2 
C^g Level 1, M-4 vs. A-IV 
ss MS F 
1,506 6 9,039 8.2 
*** 
JO 35,315 3,513 19.1 
1 14,822 80.3*** 
1 1,222 6.6* 
2,681 
*** 
1 14.5 
1 3,253 17.6 
1 4,760 25.8*** 
1,481 
-  ** 
1 8.0 
1 631 3.4 
1 83 0.4 
1 320 1.7 
1 896 4.9* 
961 
* 
1 5.2 
1 12 0.1 
1,420 
** 
1 7.7 
1 23 0.1 
1 82 0.4 
1 350 1.9 
Error 60 11,081 185 
^Treatment designations are defined in Appendix Table 39. 
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Table  43.  Ni t rogen concentra t ion in  b lade ,  s t ructura l  and pod t i ssues  
evaluated a t  weekly  in tervals  in  Type I I  and IV bean cul t ivars  
grown in  monocul ture  and in  associa t ion wi th  maize  
DAY CULTURAL 
SYSTEM 
BLADE 
NITROGEN, % 
STRUCTURAL" POD 
1 1 IV 11 IV 11 IV 
2 6  M 3 . 6 3  4 . 2 5  2 . 1 9  2 . 4 3  
A 3 . 5 1  4 . 0 7  2 . 0 1  2 . 3 2  
3 3  M 3 . 8 8  4 . 1 2  1 . 9 8  2 . 0 1  
A 3 . 9 5  3 . 4 9  1 . 9 1  2 . 0 2  
4 0  M 3 . 5 9  3 . 8 4  1 . 5 9  2 . 0 4  
A 3 . 6 7  3 . 9 2  1 . 3 5  1 . 6 1  
4 7  M 4 . 0 5  3 . 8 6  1 . 3 5  1 . 5 9  3 . 8 9  3 . 9 1  
A 4 . 1 1  3 . 4 8  1 . 1 9  1 . 5 2  3 . 4 2  3 . 1 0  
5 4  M 3 . 3 8  3 . 7 8  1 . 0 6  1 . 3 8  3 . 3 3  3 . 2 5  
A 3 . 4 2  3 . 0 8  1 . 1 8  1 . 4 4  3 . 5 9  3 . 3 0  
6 0  M 3 . 0 0  3 . 2 0  0 . 8 6  1 . 3 7  2 . 4 7  2 . 2 6  
A 2 . 6 9  3 . 6 3  1 . 3 3  1 . 4 5  3 . 1 4  3 . 0 0  
6 8  M 2 . 6 5  3 . 2 5  0 . 7 5  1 . 2 5  3 . 5 0  3 . 1 0  
A 2 . 5 0  2 . 4 5  0 . 9 5  1 . 3 5  4 . 4 5  3 . 1 0  
7 5  M 1 . 7 9  0 . 5 8  0 . 8 5  3 . 2 4  2 . 8 8  
A 2 . 2 5  0 . 6 7  0 . 8 7  3 . 9 6  3 . 2 4  
8 2  M 2 . 5 2  1 . 0 4  2 . 8 7  
A 2 . 4 5  1 . 0 4  3 . 1 8  
a ,b ,c ,d^g def ined in  Appendix  Table  38.  
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Table  44.  Phosphorous  concentra t ion in  b lade ,  s t ructura l  and pod t i ssues  
evaluated a t  weekly  in tervals  in  Type I !  and IV bean cul t ivars  
grown in  monocul ture  and in  associa t ion wi th  maize  
DAY' CULTURAL' 
SYSTEM 
PHOSPHOROUS. % 
BLADE STRUCTURAL POD 
1 1 IV 11 IV 11 IV 
2 6  M 0 . 3 3  0 . 3 3  0 . 2 4  0 . 2 9  
A 0 . 3 4  0 . 3 5  0 . 2 7  0 . 3 1  
3 3  M 0 . 3 7  0 . 3 8  0 . 2 7  0 . 2 8  
A 0 . 3 7  0 . 3 8  0 . 2 8  0 . 2 9  
4 0  M 0 . 3 3  0 . 3 4  0 . 2 5  0 . 2 9  
A 0 . 3 4  0 . 3 2  0 . 2 9  0 , 2 5  
4 7  M 0 . 2 9  0 . 3 1  0 . 2 3  0 . 2 6  0 . 5 0  0 . 5 5  
A 0 . 3 4  0 . 3 6  0 . 2 5  0 . 2 4  0 . 5 3  0 . 5 9  
5 4  M 0 . 3 0  0 . 3 4  0 . 2 1  0 . 2 7  0 . 4 8  0 . 4 5  
A 0 . 3 1  0 . 3 4  0 . 2 2  0 . 2 9  0 . 4 6  0 . 4 7  
6 0  M 0 . 2 8  0 . 2 9  0 . 2 2  0 . 2 6  0 . 3 8  0 . 3 6  
A 0 . 2 5  0 . 3 0  0 . 2 1  0 . 2 4  0 . 4 8  0 . 4 2  
6 8  M 0 . 2 9  0 . 2 5  0 . 1 8  0 . 2 0  0 . 5 2  0 . 3 7  
A 0 . 2 4  0 . 2 6  0 . 1 3  0 . 1 8  0 . 5 8  0 . 4 3  
7 5  M 0 . 1 8  0 . 1 1  0 . 1 1  0 . 5 0  0 . 3 6  
A 0 . 2 3  0 . 1 0  0 . 1 5  0 . 5 0  0 . 4 0  
8 2  M 0 . 2 4  0 . 1 4  0 . 4 7  
A 0 . 2 4  0 . 1 4  0 . 5 1  
a ,b ,c ,d^g def ined in  Appendix  Table  38.  
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Table  45.  Potass ium concentra t ion in  b lade ,  s t ructura l  and pod t i ssues  
evaluated a t  weekly  in tervals  in  Type I I  and IV bean cul t ivars  
grown in  monocul ture  and in  associa t ion wi th  maize  
DAY^ CULTURAL^ 
SYSTEM 
POTASSIUM. % 
BLADE STRUCTURAL^ POD^ 
II IV II IV 11 IV 
26 M 2.51 2.29 4.63 4.78 
A 2.84 2.45 4.95 4.84 
33 M 2.06 2.45 4.19 4.18 
A 2.34 2.30 4.48 4.15 
40 M 3.06 3.47 4.46 5.25 
A 2.88 3.53 4.59 5.41 
47 M 2.69 2.74 2.98 2.99 3.10 3.45 
A 2.59 2.87 3.02 3.25 2.96 3.65 
54 M 2.01 2.42 2.38 2.33 2.23 2.69 
A 2.43 2.53 2.59 3.35 2.09 2.79 
60 M 1.63 1.96 2.38 2.82 2.09 2.44 
A 2.11 2.29 3.13 2.88 1.97 2.52 
68 M 1.04 1.52 1.67 2.60 1.34 1.43 
A 1.48 1.13 1.88 2.60 1.57 1.53 
75 M 1.06 1.17 1.46 1.44 1.38 
A 1.33 1.86 2.11 1.48 1.75 
82 M 1.07 1.77 1.74 
A 1.42 1.92 1.83 
a ,b ,c ,d^g def ined in  Appendix  Table  38. 
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Table 46. Nitrogen concentration in blade, stalk and reproductive 
tissues evaluated at weekly intervals in maize, Suwan-1, 
grown in monoculture and in association with Type II or IV 
bean cultivars 
DAY^ TREATMENT NITROGEN, % 
BLADE^ STALK REPRODUCTIVE' 
26 A-II 3.72 2.89 
A-IV 3.62 2.90 
M-4 3.94 3.33 
M-5 3.79 3.22 
33 A-l 1 3.15 2.79 
A-IV 3.10 2.41 
M-4 3.55 2.77 
M-5 3.34 2.73 
40 A-l 1 2.39 1.55 
A-IV 2.20 1.53 
M-4 2.62 1.74 
M-5 2.74 1.56 
47 A-II 2.71 1.21 2.44 
A-IV 2.47 1.18 2.40 
M-4 2.83 1.49 2.83 
M-5 2.54 1.33 2.48 
54 A-l 1 1.82 0.81 1.70 
A-IV 1.76 1.00 1.79 
M-4 2.16 1.00 2.08 
M-5 2.36 0.76 2.01 
60 A-II 2.37 0.77 1.89 
A-IV 2.29 0.73 2.22 
M-4 2.68 0.94 1.76 
M-5 2.31 0.86 2.02 
68 A-II 2.75 0.60 1.15 
A-IV 2.50 0.80 1.25 
M-4 2.40 0.80 1.10 
M-5 2.40 0.80 1.40 
75 A-l 1 1.66 0.63 0.88 
A-IV 1.94 0.56 0.97 
M-4 1.94 0.68 0.80 
M-5 1.69 0.43 0.93 
a,b,c,d^g defined in Appendix Table 39. 
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Table  46 cont .  
DAY* TREATMENT^ NITROGEN, % 
BLADE^ STALK REPRODUCTIVE^ 
82 A-ll 1.60 0.53 0.98 
A-IV 2.31 0.64 0.98 
M-4 1.81 0.60 1.13 
M-5 1.91 0.63 1.08 
92 A-ll 1.45 0.62 1.10 
A-IV 1.33 0.48 0.86 
M-4 1.64 0.61 1.09 
M-5 1.39 0.45 1.07 
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Table 47. Phosphorous concentration In blade, stalk and reproductive 
tissues evaluated at weekly intervals in maize, Suwan-1, 
grown in monoculture and in association with Type II or IV 
bean cultivars 
DAY^ TREATMENT^ PHOSPHOROUS, % 
BLADE^ STALK REPRODUCTIVE^ 
26 A-I I  0.365 0.380 
A-IV 0.415 0.445 
M-4 0.400 0.420 
M-5 0.415 0.435 
33 A-l l  0.315 0.345 
A-IV 0.315 0.300 
M-4 0.365 0.350 
M-5 0.340 0.325 
40 A-l l  0.330 0.285 
A-IV 0.265 0.200 
M-4 0.320 0.230 
M-5 0.300 0.205 
47 A-l l  0.315 0.205 0.515 
A-IV 0.285 0.160 0.435 
M-4 0.270 0.185 0.330 
M-5 0.290 0.160 0.390 
54 A-l l  0.255 0.145 0.355 
A-IV 0.255 0.150 0.390 
M-4 0.275 0.150 0.390 
M-5 0.305 0.175 0.375 
60 A-l  1 0.280 0.145 0.300 
A-IV 0.260 0.145 0.330 
M-4 0.265 0.155 0.295 
M-5 0.245 0.155 0.325 
68 A - l l  0.270 0.145 0.235 
A - I V  0.280 0.140 0.245 
M-4 0.285 0.140 0.235 
M-5 0.295 0.160 0.250 
75 A - l l  0.255 0.130 0.190 
A - I V  0.260 0.135 0.170 
M-4 0.255 0.145 0.175 
M-5 0.290 0.170 0.205 
a,b,c,d^^ defined in Appendix Table 39. 
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Table  47 cont .  
DAY® TREATMENT^ PHOSPHOROUS, % 
BLADE^ STALK REPRODUCTIVE^ 
82 A-Il 0.275 0.190 0.210 
A-IV 0.265 0.130 0.185 
M-4 0.230 0.160 0.200 
M-5 0.265 0.120 0.210 
92 A-Il 0.170 0.120 0.190 
A-IV 0.180 0.140 0.180 
M-4 0.215 0.105 0.160 
M-5 0.180 0.105 0.190 
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Table 48. Potassium concentration in blade, stalk and reproductive 
tissues evaluated at weekly intervals in maize, Suwan-1, 
grown in monoculture and in association with Type II or IV 
bean cultivars 
DAY^ TREATMENT^ POTASSIUM, % 
BLADE^ STALK REPRODUCTIVE^ 
26 A-II 3.38 5.48 
A-IV 3.10 4.91 
M-4 3.35 5.52 
M-5 3.38 5.12 
33 A-II 2.88 5.23 
A-IV 2.88 6.10 
M-4 2.97 5.54 
M-5 3.16 5.80 
40 A-l 1 3.41 5.54 
A-JV 3.38 5.12 
M-4 3.47 5.62 
M-5 3.23 5.79 
47 A-11 2.32 2.96 2.32 
A-IV 2.55 2.96 2.11 
M-4 2.51 3.26 2.39 
M-5 2.37 3.00 2.05 
54 A-l 1 1.88 1.78 1.54 
A-IV 1.99 2.94 1.59 
M-4 1.97 1.99 1.45 
M-5 1.80 2.41 1.46 
60 A-II 1.84 1.69 1.45 
A-IV 2.05 1.78 1.57 
M-4 1.94 1.83 1.48 
M-5 2.16 2.06 1.48 
68 A-l 1 1.25 1.08 0.83 
A-IV 1.45 1.28 0.85 
M-4 1.45 1.40 0.95 
M-5 1.43 1.46 0.85 
75 A-l 1 1.40 1.21 0.67 
A-IV 1.49 1.12 0.64 
M-4 1.61 1.13 0.64 
M-5 1.58 1.16 0.68 
a,b,c,d^g defined In Appendix Table 39. 
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Table  48 cont .  
DAY® TREATMENT*' POTASSIUM, % 
BLADE^ STALK REPRODUCTIVE^ 
82 A-ll 1.54 1.39 0.68 
A-IV 1.70 1.56 0.71 
M-4 1.75 1.53 0.70 
M-5 1.78 1.70 0.70 
92 A-ll 1.53 1.45 0.53 
A-IV 1.48 1.28 0.58 
M-4 1.58 1.23 0.45 
M-5 1.08 1.30 0.55 
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Table  49.  Accumulated n i t rogen in  b lade ,  s t ructura l  and pod t i ssues  
evaluated a t  weekly  in tervals  in  Type I I  and IV bean cul t ivars  
grown in  monocul ture  and in  associa t ion wi th  maize  
DAY® CULTURAL*' NITROGEN, g/m' 
SYSTEM 
BLADE STRUCTURAL^ POD^ TOTAL 
1 1 IV 1 1 IV 11 IV 11 IV 
26 M 1.4 1.7 0.4 0.4 1.7 2.1 
A 1.2 1.3 0.3 0.3 1.6 1.6 
SE 0.1 0.03 0.2 
33 M 2.7 2.6 0.9 0.8 3.5 3.4 
iVîV A A 
A 2.4 îV 1.8 0.8 0.7 3.1 * 2.5 
SE 0.1 0. 1 0.2 
40 M 4.1 4.2 1.5 1.6 5.6 5.8 
*** *** *** A** AAA AAA 
A 2.8 3.1 0.9 1.0 3.7 4.1 
SE 0.1 0.1 0.2 
47 M 5.4 5.0 2.0 1.8 0.5 0.4 7.9 7.2 
*** A A** A AAA A 
A 3.2 3.5 1.2 1.4 0.4 0.3 4.8 5.1 
SE 0.3 0.1 0.1 0.4 
54 M 4.2 ** 5.8 1.8 1.9 3.3 AAA 1.6 9.3 9.3 
îVîV îVAî'c sVVc A AAA AAA AAA 
A 2.4 3.2 1.1 * 1.5 1.9 * 1.0 5.5 5.7 
SE 0.3 0.1 0.2 0.3 
60 M 2.7 îVîVsV 4.7 1.2 *** 1.9 4.2 * 3.1 8.1 9.7 
** ** A* AA AAA A A 
A 1.3 A** 3.4 1.1 * 1.4 2.5 2.3 4.8 * 7.1 
SE 0.3 0.1 0.3 0.5 
a ,b ,c ,d^g def ined in  Appendix  Table  38.  
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Table  49 cont .  
DAY* CULTURAL 
SYSTEM 
b 
NITROGEN, g / m ^  
BLADE STRUCTURAL^ POD^ TOTAL 
1 1  IV 1 1  IV 1  1  IV 1 1  IV 
68 M 1 . 5  A** 4 . 4  1 . 0  A 1 . 5  9 . 3  * *  6 . 9  1 1 . 8  1 2 . 8  
A* *** * *** *** 
A 0 . 6  2 . 2  0 . 6  *** 1 . 5  4 . 5  3 . 1  5 . 6  6 . 8  
SE 0 . 2  0 . 1  0 . 5  0 .  7  
7 5  M 2 . 1  0 . 7  *** 1 . 1  9 . 5  9 . 3  1 0 . 2  1 2 . 5  
*** A* A* * ** 
A 1 . 2  0 . 4  A** 0 . 9  4 . 5  5 . 7  4 . 9  7 . 7  
SE 0 . 1  0 . 1  1 . 0  1 .  0  
8 2  M 1 . 5  1 . 4  1 0 . 3  1 3 . 2  
* *** *:'cA 
A 0 . 6  0 . 9  4 . 8  6 . 2  
SE 0 . 1  0 . 1  0 . 2  0 .  4  
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Table  50.  Accumulated phosphorous  in  b lade ,  s t ructura l  and pod t i ssues  
evaluated a t  weekly  in tervals  in  Type 11 and IV bean cul t lvars  
grown in  monocul ture  and in  associa t ion wi th  maize  
DAY® CULTURAL^ 
SYSTEM 
PHOSPHOROUS, g/m^ 
BLADE STRUCTURAL^ REPRODUCTIVE TOTAL 
1 1 IV 1 1 IV 11 IV 11 
26 M 0.12 0.13 0.04 0.04 0.16 
A 0.12 0.11 0.04 0.04 0.15 
SE 0.01 0.004 
33 M 0.25 0.24 
•k 
0.12 0.10 0.37 
A 0.22 0.19 0. 11 0.10 0.33 
SE 0.01 0.008 
40 M 0.37 0.37 0.24 0.23 0.61 
AîVîV *** ** *** AsVA 
A 0.26 0.25 0.19 * 0.16 0.45 
SE 0.01 0.009 
47 M 0.39 0.40 0.32 0.29 0.07 0.06 0.76 
îV * * * 
A 0.26 0.36 0.24 0.23 0.07 0.05 0.56 
SE 0.03 0.02 0. 01 
54 M 0.36 * 0.53 0.35 * 0.37 0.47 *** 0.21 1.18 
** *** AAîV 
A 0.22 ** 0.35 0.21 * 0.30 0.25 * 0.15 0.68 
SE 0.03 0.02 0. 03 
60 M 0.26 *** 0.42 0.31 0.35 0.64 * 0.49 1.20 
** ** *** ** ** * *** 
A 0.12 *** 0.28 0.17 * 0.25 0.37 0.32 0.66 
SE 0.02 0.02 0. 04 
IV 
0.02  
0.18 
0.15 
I 
0.34 
0.29 
0.02 
0.60 
AîVA 
0.41 
0.02  
0.75 
0.63 
0.05 
1 . 1 1  
*** 
0.79 
0.04 
1.26 
AîV 
0.84 
0.07 
a ,b ,c ,d^g def ined In  Appendix  Table  38.  
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Table  50 cont .  
DAY^CULTURAL*^ 
SYSTEM 
PHOSPHOROUS, g/m 
68 M 
A 
SE 
BLADE 
I I IV 
0.17 *** 0.34 
0.05 *** 0.23 
0.02 
STRUCTURAL 
I I IV 
0.23 0.24 
AA* 
0.08 *** 0 .20 
0 .02 
POD 
I I IV 
1.37 *** 0.82 
*** îVA 
0.58 0.43 
0.07 
TOTAL 
I I 
1.77 
*** 
0.71 
IV 
* 1.39 
** 
0.86  
0.10 
75 M 
A 
SE 
0.20 0 .12 0 .13 
A** AîVsV 
0.12 0.06 ***  0.15 
0.01 0.01 
1.51 1.15 
îVAîV îVsVîV 
0.57 0.70 
0 .12  
1.63 1.49 
0.63 0.97 
0.13 
8 2  M 
A 
SE 
0.14 
*** 
0.05 
0.006 
0 .18  
îV 
0.12 
0.02  
1.67 
A** 
0 .76  
0.04 
2.00 
AAA 
0.92 
0.06 
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Table  51.  Accumulated potass ium in  b lade ,  s t ructura l  and pod t i ssues  
evaluated a t  weekly  in tervals  in  Type I I  and IV bean cul t ivars  
grown in  monocul ture  and in  associa t ion wi th  maize  
DAY^ CULTURAL^ POTASSIUM, g/m^ 
SYSTEM BLADE STRUCTURAL^ POD^ TOTAL 
11 IV 1 1 IV 11 IV II IV 
26 M 1.0 0.9 0.8 0.7 1.7 1.6 
A 1.0 0.8 0.8 0.6 1.8 1.4 
SE 0.1 0.1 0.2 
33 M 1.4 1.5 1.9 1.6 3.3 3.1 
A 1.4 1.2 1.8 1.4 3.2 2.6 
SE 0.1 0.1 0.2 
40 M 3.5 3.8 4.2 4.1 7.7 7.9 
A** îVîVîV *** * k k k  k k k  
A 2.2 2.8 3.1 3.4 5.2 A 6.1 
SE 0.1 0.2 0.3 
47 M 3.6 3.5 4.3 * 3.4 0.4 0.4 8.3 7.3 
•k-k •k-k k k k  
A 2.0 -V 2.9 3.0 3.1 0.4 0.3 5.4 6.2 
SE 0.3 0.2 0.1 0.5 
54 M 2.5 *** 3.7 4.0 * 3.2 2.2 kk 1.3 8.7 8.2 
* ** ÎVjVA *** k k k  k 
A 1.7 A* 2.6 2.5 A 3.5 1.1 0.9 5.4 kk 7.0 
SE 0.2 0.2 0.2 0.3 
60 M 1.5 sVAA 2.9 3.4 3.9 3.5 3.3 8.4 10.1 
** îV ** k-kk kk k k k  kk 
A 1.0 2.1 2.5 2.9 1.6 1.9 5.0 * 6.9 
SE 0.2 0.2 0.3 0.5 
a ,b ,c ,d^^ def ined in  Appendix  Table  38.  
312 
Table 51 cont.  
D A Y ®  C U L T U R A L ^  P O T A S S I U M ,  g / m ^  
S Y S T E M  
B L A D E  S T R U C T U R A L ^  P O D ^  T O T A L  
1  1  I V  1  1  I V  1 1  I V  1 1  I V  
6 8  M  0 . 6  *** 2 . 0  
*** 
2 . 1  
** 
A î V  3 . 1  3 . 6  
A A A  
3 . 2  
A A A  
6 . 3  
A A A  
A A  8 . 4  
A A A  
A  0 . 3  *** 1 . 0  1 . 1  *** 2 . 9  1 . 6  1 . 5  3 . 0  A A  5 . 5  
S E  0 . 1  0 . 2  0 . 2  0 . 5  
7 5  M  1 . 2  
A A *  
1 . 4  A  1 . 8  4 . 4  
A A  
4 . 5  
A  
5 . 9  
A A  
7 . 5  
A  0 . 7  1 . 1  A A A  2 . 1  1 . 7  3 . 1  2 . 9  A A  5 . 9  
S E  0 . 1  0 . 1  0 . 4  0 . 6  
8 2  M  
A  
0 . 6  
*** 
0 . 3  
2 . 3  
A  
1 . 6  
6 . 3  
A A A  
3 . 2  
9 . 2  
A A A  
5 . 1  
S E  0 . 0 4  0 . 2  0 . 1  0 . 4  
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T a b l e  5 2 .  A c c u m u l a t e d  n i t r o g e n  i n  b l a d e ,  s t a l k  a n d  r e p r o d u c t i v e  t i s s u e s  
e v a l u a t e d  a t  w e e k l y  i n t e r v a l s  i n  m a i z e ,  S u w a n - 1 ,  g r o w n  i n  
m o n o c u l t u r e  a n d  i n  a s s o c i a t i o n  w i t h  T y p e  I I  o r  I V  b e a n  
c u l t i v a r s  
D A Y '  T R E A T M E N T "  
B L A D E  
N I T R O G E N ,  g / m  
S T A L K  R E P R O D U C T I V E "  T O T A L  
26 A - 1  I  
A - I V  
M - 4  
M - 5  
0 . 5  
0 . 5  
0 . 5  
0 . 7  
0 . 2  
0 . 3  
0 . 3  
0 . 4  
0 . 7  
0 . 8  
0 . 8  
1 . 2  
S E  0 . 0 5  0 . 0 3  0.08 
3 3  A - 1 1  1 . 1  
A - I V  1 . 3  
M - 4  1 . 7  
M - 5  1 . 5  
S E  0 . 1  
4 0  A - 1 1  1 . 7  
A - I V  1 . 5  
M - 4  2 . 5  
M - 5  3 . 3  
S E  0 . 3  
4 7  A - 1 1  3 . 1  
A - I V  3 . 0  
M - 4  4 . 4  
M - 5  4 . 0  
S E  0 . 3  
5 4  A - l l  2 . 7  
A - I V  2 . 2  
M - 4  3 . 9  
M - 5  4 . 5  
S E  0 . 2  
0 . 7  1 . 8  
0 . 7  2 . 0  
0 . 9  2 . 7  
0 . 8  2 . 4  
0 .1  0 .2  
1 .0  2 .6  
0 . 9  2 . 4  
1 . 4  3 . 8  
1 . 5  4 . 8  
0 . 2  0 . 4  
1 . 5  4 . 6  
1 . 6  4 . 6  
2 . 8  7 . 2  
2 . 3  6 . 3  
0 . 2  0 . 4  
2 . 0  0 . 0 3  4 . 7  
1 . 8  0 . 0  4 . 0  
3 . 0  0 . 0 8  7 . 0  
2 . 4  0 . 0 9  7 . 0  
0 . 3  0 . 0 6  0 . 5  
a,b,c,d^g defined in Appendix Table 39. 
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Table 52 cont.  
D A Y ^  T R E A T M E N T ^  N I T R O G E N  
,  2 
,  g/m 
B L A D E ^  S T A L K  R E P R O D U C T I V E ^  T O T A L  
60 A - l  1  4.3 2.6 0.8 7.8 
A - I V  3.4 2.1 0.5 5.9 
M-4 5.1 3.7 1.3 10.1 
M-5 5.4 3.6 1.0 9.9 
S E  0.2 0.1 0.1 0.4 
68 A - I l  4.8 2.3 2.4 9.5 
A - I V  4.2 2.8 1.9 9.0 
M-4 4.7 3.2 2.4 10.2 
M-5 6.3 3.8 3.6 13.6 
S E  0.2 0.2 0.3 0.6 
75 A - i l  3.2 2.5 2.9 8.5 
A - I V  3.3 2.0 2.9 8.2 
M-4 4.3 2.9 3.4 10.6 
M-5 3.7 1.9 3.0 8.6 
S E  0.2 0.1 0.3 0.5 
82 A - l  1  3.2 2.1 4.5 9.7 
A - I V  4.6 2.2 4.4 11.2 
M-4 3.9 2.5 6.3 12.7 
M-5 4.7 2.8 5.2 12.7 
S E  0.3 0.2 0.5 0.9 
92 A - l  I  2.8 2.6 6.9 12.2 
A - I V  2.0 1.7 3.5 7.2 
M-4 3.4 2.6 7.0 13.1 
M-5 3.4 2.0 6.7 12.2 
S E  0.3 0.2 0.6 1.0 
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Table 53. A c c u m u l a t e d  p h o s p h o r o u s  i n  b l a d e ,  s t a l k  a n d  r e p r o d u c t i v e  
t i s s u e s  e v a l u a t e d  a t  w e e k l y  i n t e r v a l s  i n  m a i z e ,  S u w a n - 1 ,  g r o w n  
i n  m o n o c u l t u r e  a n d  i n  a s s o c i a t i o n  w i t h  T y p e  I I  o r  I V  b e a n  
c u l t i v a r s  
D A Y ®  T R E A T M E N T * '  P H O S P H O R O U S ,  q/mf 
B L A D E ^  S T A L K  R E P R O D U C T I V E ^  T O T A L  
26 A - l  1 0 .05 0.03 0.08 
A - I V  0.06 0.04 0.  10 
M-4 0.05 0.04 0.09 
M-5 0.08 0.05 0.14 
S E  0.006 0.004 0.01 
33 A - I I  0.11 0.08 0.19 
A - I V  0.13 0.09 0.22 
M-4 0.18 0.12 0.30 
M-5 0.15 0.10 0.25 
S E  0.01 0.01 0.02 
4 0  A - 1 1  
A - I V  
M - 4  
M - 5  
S E  
0 . 2 3  
0 . 1 8  
0 . 3 0  
0 . 3 6  
0 . 0 3  
0 . 1 7  
0.12 
0 .18  
0.20 
0 . 0 3  
0 . 4 0  
0 . 3 0  
0 . 4 8  
0.56 
0.06 
4 7  A - 1 1  0 . 3 6  0 . 2 6  0 . 6 2  
A - I V  0 . 3 5  0 . 2 1  0 . 5 6  
M - 4  0 . 4 2  0 . 3 5  0 . 7 7  
M - 5  0 . 4 6  0 . 2 8  0 . 7 4  
S E  0 . 0 3  0 . 0 3  0 . 0 5  
5 4  A - 1 1  0 . 3 8  0 . 3 5  0 . 0 0 6  0 . 7 4  
A - I V  0 . 3 2  0 . 2 8  0 . 0  0 . 6 0  
M - 4  0 . 4 9  0 . 4 5  0 . 0 1 6  0 . 9 6  
M - 5  0 . 5 9  0 . 5 4  0 . 0 1 7  1 . 1 4  
S E  0 . 0 3  0 . 0 4  0 . 0 1 2  0 . 0 8  
a,b,c,d^g defined in Appendix Table 39. 
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Table 53 cont.  
D A Y ^  T R E A T M E N T ^  P H O S P H O R O U S ,  q / m  
B L A D E ^  S T A L K  R E P R O D U C T I V E ^  T O T A L  
6 0  A - I l  0 . 5 1  0 . 4 9  0 . 1 3  1 . 1 3  
A - I V  0 . 3 8  0 . 4 1  0 . 0 7  0 . 8 7  
M - 4  0 . 5 1  0 . 6 1  0 . 2 1  1 . 3 3  
M - 5  0 . 5 7  0 . 6 5  0 . 1 6  1 . 3 7  
S E  0 . 0 2  0 . 0 2  0 . 0 4  0 . 0 5  
6 8  A - I l  0 . 4 7  0 . 5 6  0 . 5 0  1 . 5 3  
A - I V  0 . 4 7  0 . 4 9  0 . 3 8  1 . 3 4  
M - 4  0 . 5 6  0 . 5 5  0 . 5 0  1 . 6 1  
M - 5  0 . 7 7  0 . 7 5  0 . 6 3  2 . 1 6  
S E  0 . 0 3  0 . 0 4  0 . 0 6  0 . 1 0  
7 5  A - I l  0 . 4 9  0 . 5 1  0 . 6 2  1 . 6 2  
A - I V  0 . 4 5  0 . 4 8  0 . 5 1  1 . 4 4  
M - 4  0 . 5 6  0 . 6 2  0 . 7 4  1 . 9 3  
M - 5  0 . 6 4  0 . 7 4  0 . 6 6  2 . 0 4  
S E  0 . 0 3  0 . 0 4  0 . 0 6  0 . 1 1  
8 2  A - I l  0 . 5 4  0 . 7 4  0 . 9 5  2 . 2 4  
A - I V  0 . 5 3  0 . 4 5  0 . 8 3  1 . 8 1  
M - 4  0 . 5 0  0 . 6 6  1 . 1 2  2 . 2 8  
M - 5  0 . 6 5  0 . 5 4  1 . 0 1  2 . 2 0  
S E  0 . 0 4  0 . 0 5  0 . 1 0  0 . 1 8  
9 2  A - I l  0 . 3 3  0 . 5 0  1 . 1 9  2 . 0 2  
A - I V  0 . 2 8  0 . 5 0  0 . 7 3  1 . 5 1  
M - 4  0 . 4 5  0 . 4 5  1 . 0 3  1 . 9 3  
M - 5  0 . 4 4  0 . 4 8  1 . 2 0  2 . 1 2  
S E  0 . 0 3  0 . 0 4  0 . 1 0  0 . 2 0  
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T a b l e  5 4 .  A c c u m u l a t e d  p o t a s s i u m  i n  b l a d e ,  s t a l k  a n d  r e p r o d u c t i v e  t i s s u e s  
e v a l u a t e d  a t  w e e k l y  i n t e r v a l s  i n  m a i z e ,  S u w a n - 1 ,  g r o w n  i n  
m o n o c u l t u r e  a n d  i n  a s s o c i a t i o n  w i t h  T y p e  I I  o r  I V  b e a n  
c u l t i v a r s  
D A Y ^  T R E A T M E N T ^  P O T A S S I U M ,  g / n f  
B L A D E ^  S T A L K  R E P R O D U C T I V E ^  T O T A L  
A - I I  0 . 4  0 . 5  0 . 9  
A - I V  0 . 4  0 . 4  0 . 9  
M - 4  0 . 5  0 . 5  0 . 9  
M - 5  0 . 7  0 . 6  1 . 3  
S E  0 . 0 4  0 . 0 5  0 . 1  
3 3  A - 1 1  1 . 0  
A - I V  1 . 2  
M - 4  1 . 5  
M - 5  1 . 4  
S E  0 . 1  
4 0  A - 1 1  2 . 4  
A - I V  2 . 3  
M - 4  3 . 3  
M - 5  3 . 8  
S E  0 . 3  
4 7  A - 1 1  2 . 7  
A - I V  3 . 2  
M - 4  3 . 9  
M - 5  3 . 8  
S E  0 . 2  
5 4  A - I I  2 . 8  
A - I V  2 . 5  
M - 4  3 . 5  
M - 5  3 . 5  
S E  0 . 2  
1 . 3  2 . 3  
1 . 9  3 . 0  
1 . 9  3 . 3  
1 . 8  3 . 2  
0 . 2  0 . 3  
3 . 4  5 . 8  
3 . 0  5 . 3  
4 . 4  7 . 7  
5 . 6  9 . 3  
0 . 6  0 . 9  
3 . 8  6 . 4  
4 . 0  7 . 1  
6 . 1  1 0 . 0  
5 . 2  8 . 9  
0 . 4  0 . 6  
4 . 3  0 . 0 3  7 . 2  
5 . 4  0 . 0  7 . 9  
6 . 0  0 . 0 6  9 . 6  
7 . 4  0 . 0 7  1 1 . 0  
0 . 6  0 . 0 5  0 . 8  
a,b,c,d^^ defined in Appendix Table 39. 
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Table 54 cont.  
D A Y ^  T R E A T M E N T ^  P O T A S S I U M ,  g / m ^  
B L A D E ^  S T A L K  R E P R O D U C T I V E ^  T O T A L  
6 0  A - l  1  3 . 3  5 . 8  0 . 6  9 . 7  
A - I V  3 . 0  5 . 1  0 . 3  8 . 4  
M - 4  3 . 7  7 . 1  1 . 1  1 1 . 9  
M - 5  5 . 0  8 . 6  0 . 7  1 4 . 3  
S E  0 . 2  0 . 2  0 . 1  0 . 4  
6 8  A - l  1  2 . 2  4 . 2  1 . 7  8 . 1  
A - I V  2 . 4  4 . 3  1 . 3  8 . 1  
M - 4  2 . 8  5 . 5  2 . 0  1 0 . 4  
M - 5  3 . 7  6 . 8  2 . 2  1 2 . 7  
S E  0 . 1  0 . 3  0 . 2  0 . 6  
7 5  A - l  1  2 . 7  4 . 7  2 . 2  9 . 6  
A - I V  2 . 6  4 . 0  1 . 9  8 . 5  
M - 4  3 . 5  4 . 9  2 . 7  1 1 . 1  
M - 5  3 . 5  5 . 1  2 . 2  1 0 . 7  
S E  0 . 2  0 . 3  0 . 2  0 . 6  
8 2  A - I l  3 . 0  5 . 4  3 . 1  1 1 . 5  
A - I V  3 . 4  5 . 4  3 . 2  1 2 . 0  
M - 4  3 . 8  6 . 3  3 . 9  1 3 . 9  
M - 5  4 . 4  7 . 6  3 . 4  1 5 . 3  
S E  0 . 3  0 . 5  0 . 3  1 . 0  
9 2  A - I l  2 . 9  6 . 0  3 . 3  1 2 . 2  
A - I V  2 . 3  4 . 6  2 . 3  9 . 2  
M - 4  3 . 3  5 . 3  2 . 9  1 1 . 5  
M - 5  2 . 6  6 . 0  3 . 5  1 2 . 1  
S E  0 . 3  0 . 5  0 . 4  1 . 0  
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Table 55. 
4 8  D a y s : '  
TRT^ 
L e a f  a r e a  i n d e x  a n d  s p a t i a l  v a r i a t i o n  i n  t h e  d i s t r i b u t i o n  o f  
l e a f  a r e a ,  e v a l u a t e d  a t  i n t e r v a l s  d u r i n g  p o d f i l l i n g ,  b y  c r o p  
s p e c i  e s  
L E A F  A R E A .  
L A T E R A L ^  
R O W  B e a n  M a i z e  
C E N T R A L  
B e a n  M a i z e  
L A T E R A L  
B e a n  M a i z e  
S U M  
B e a n  M a i z e  
A - l l  6  0  0  0  1 . 6  0  0 . 3  0  1 . 9  
5  0  6 . 6  0  2 6 . 2  0  5 . 7  0  3 8 . 5  
4  0  7 . 1  0 . 4  2 7 . 1  0  7 . 3  0 . 4  4 1 . 5  
3  3 . 3  1 . 9  1 3 . 8  9 . 3  4 . 0  2 . 9  2 1 . 0  1 4 . 0  
2  1 0 . 9  0  1 2 . 6  2 . 7  1 3 . 8  1 . 4  3 7 . 3  4 . 1  
1  1 9 . 0  0  8 . 6  0  1 3 . 7  0  4 1 . 3  0  
S u m  3 3 . 1  1 5 . 5  3 5 . 4  6 6 . 8  3 1 . 5  1 7 . 6  3 . 9 ^  2 . 5  
6  0  1 . 8  0  6 . 4  0  0  0  8 . 1  
5  0  1 0 . 6  1 . 2  3 6 . 4  0  0  1 . 2  4 7 . 1  
4  1 . 2  4 . 1  1 7 . 7  2 2 . 2  0  4 . 1  1 8 . 9  3 0 . 4  
3  4 . 2  1 . 1  2 2 . 2  8 . 8  6 . 5  1 . 6  3 3 . 0  1 1 . 5  
2  6 . 2  0  9 . 8  2 . 0  8 . 9  0 . 7  2 4 . 9  2 . 8  
1  5 . 6  0  6 . 6  0  9 . 7  0  2 1 . 9  0  
S u m  1 7 . 4  1 7 . 7  5 7 . 5  7 5 . 9  2 5 . 1  6 . 5  4 . 0  2 . 5  
A - I V  6  0  0  0  0  0  0  0  0  
H i l l  5  0  0  0  3 7 . 2  0  0  0  3 7 . 2  
4  0  5 . 9  8 . 0  3 4 . 6  0  0  8 . 0  4 0 . 5  
3  6 . 2  1 . 8  1 9 . 1  1 3 . 3  4 . 1  3 . 0  2 9 . 4  1 8 . 1  
2  4 . 4  1 . 4  1 1 . 8  2 . 6  6 . 6  0  2 2 . 8  4 . 0  
1  1 4 . 4  0  1 2 . 3  0 . 2  1 3 . 1  0  3 9 . 8  0 . 2  
S u m  2 5 . 0  9 . 2  5 1 . 3  8 7 . 8  2 3 . 7  3 . 0  3 . 2  2 . 0  
^ D a y s  f r o m  f i r s t  i r r i g a t i o n .  
^ E x p r e s s e d  a s  m e a n  p e r c e n t a g e s  o f  t o t a l  l e a f  a r e a  f o r  t h e  s p e c i e s ,  
b y  c u b o i d a l  s u b s a m p l e s ,  a v e r a g e d  o v e r  t h r e e  1  m ^  s a m p l e  a r e a s  p e r  p l o t .  
^ ' ^ R o w s  a n d  c o l u m n s  a r e  a s  i n d i c a t e d  i n  F i g u r e  3 9 .  
^ T r e a t m e n t :  d e s i g n a t e d  a s  M - l l  f o r  t h e  T y p e  I I  m o n o c r o p ;  A - l l  a n d  
A - I V  f o r  t h e  T y p e  I I  a n d  I V ,  r o w - p l a n t e d  i n t e r c r o p s ,  r e s p e c t i v e l y ;  
A - I V  H i l l  f o r  t h e  T y p e  I V ,  h i l l - p l a n t e d  i n t e r c r o p  a n d  M - 4  f o r  t h e  m a i z e  
m o n o c r o p .  
^ A b s o l u t e  L A I .  s u m m e d  o v e r  t h e  1 8  c u b o i d a l  s u b s a m p l e s  a n d  a v e r a g e d  
o v e r  t h e  t h r e e  1  m ^  s a m p l e  a r e a s  p e r  p l o t .  
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Table 55 cont.  
4 8  D a y s ,  
c o n t .  
TRT^ 
M - I l  
L E A F  A R E A .  %  
M - 4  
5 7  D a y s  
A - 1 1  
A - I V  
L A T E R A L '  C E N T R A L  L A T E R A L  S U M  
R O W f  B e a n  M a i z e  B e a n  M a i z e  B e a n  M a i z e  B e a n  M a i z e  
6  0  0  0  0  
5  0  0  0  0  
4  0  0  0  0  
3  0  2 . 1  1 . 4  3 . 5  
2  2 2 . 2  1 8 . 0  1 0 . 5  5 0 . 6  
1  1 8 . 5  7 . 8  1 9 . 6  4 5 . 8  
S u m  4 0 . 7  2 7 . 9  3 1 . 4  5 . 2 ^  
6  3 . 6  1 3 . 1  3 . 1  1 9 . 7  
5  4 . 1  2 5 . 3  4 . 8  3 4 . 2  
4  3 . 2  1 5 . 0  3 . 3  2 1 . 5  
3  3 . 1  8 . 8  2 . 3  1 4 . 2  
2  4 . 9  2 . 7  0 . 9  8 . 5  
1  0  1 . 8  0  1 . 8  
S u m  1 8 . 9  6 6 . 7  1 4 . 4  3 . 1  
1 # 
6  0  2 . 6  0  1 6 . 6  0  0 . 9  0  2 0 . 2  
5  0  6 . 7  0  2 0 . 1  0  7 . 7  0  3 4 . 5  
4  0  5 . 8  1 . 6  1 6 . 9  0  5 . 6  1 . 6  2 8 . 3  
3  8 . 6  2 . 3  2 1 . 3  7 . 6  9 . 6  7 . 1  3 9 . 4  1 7 . 0  
2  7 . 9  0  7 . 7  0  1 3 . 1  0  2 8 . 7  0  
1  1 5 . 9  0  6 . 4  0  7 . 9  0  3 0 . 3  0  
S u m  3 2 . 4  1 7 . 4  3 7 . 0  6 1 . 2  3 0 . 6  2 1 . 4  3 . 2  2 . 4  
6  0  6 . 2  1 . 4  2 5 . 0  0  5 . 1  1 . 4  3 6 . 3  
5  0  7 . 4  1 0 . 6  1 6 . 0  0  5 . 2  1 0 . 6  2 8 . 7  
4  3 . 0  3 . 4  2 1 . 1  1 3 . 7  3 . 4  4 . 0  2 7 . 5  2 1 . 1  
3  7 . 5  0  2 0 . 5  6 . 6  0  7 . 0  2 8 . 0  1 3 . 6  
2  7 . 1  0  6 . 0  0 . 3  4 . 0  0  1 7 . 0  0 . 3  
1  7 . 0  0  2 . 7  0  5 . 8  0  1 5 . 5  0  
S u m  2 4 . 5  1 7 . 1  6 2 . 3  6 1 . 5  1 3 . 2  2 1 . 3  3 . 8  2 . 6  
Table 55 cont.  
321 
5 7  D a y s , "  
c o n t .  
TRT^I 
L E A F  A R E A ,  %  
L A T E R A L "  
R O W  B e a n  M a i z e  
C E N T R A L  L A T E R A L  
B e a n  M a i z e  B e a n  M a i z e  
S U M  
B e a n  M a  i  z e  
A - I V  6  0  5 . 3  0  
H i l l  5  0  9 . 8  5 . 2  
4  0  5 . 5  1 3 . 1  
3  5 . 6  2 . 6  2 1 . 1  
2  6 . 3  0  9 . 2  
1  1 2 . 4  0  5 . 1  
S u m  2 4 . 2  2 3 . 1  5 3 . 6  
M -  1 1  6  0  0  
5  0  0  
4  0  0  
3  0  0  
2  1 2 . 9  1 7 . 0  
1  1 9 . 7  1 1 . 4  
S u m  3 2 . 6  2 8 . 4  
M - 4  6  3 . 3  
5  7 . 2  
4  6 . 5  
3  4 . 3  
2  1 . 4  
1  0  
S u m  2 2 . 8  
6 4  D a y s :  
A - I I  6  0  5 . 3  0  
5  0  8 . 0  0  
4  0  7 . 6  1 . 4  
3  7 . 1  1 . 2  4 0 . 6  
2  6 . 5  0  7 . 8  
1  0  0  7 . 8  
S u m  1 3 . 6  2 2 . 1  5 7 . 6  
24.9 0 4.0 0 34.2 
17.4 0.1 4.9 5.3 32.1 
11.8 1.9 3.7 15.0 21.0 
6.6 6.0 1.6 32.6 10.7 
1.9 4.9 0 20.5 1.9 
0 9.2 0 26.6 0 
62.6 22.1 14.3 4.of  2.2 
0 0 
0 0 
0 0 
0 0 
18.6 48.5 
20.4 51.5 
39.0 3.6 
23.2 5.0 31.5 
15.1 5.1 27.4 
11.3 4.5 22.3 
8.4 1.9 14.6 
2.7 0 4.1 
0 0 0 
60.8 16.4 3.3 
18.8 0 2.6 0 26.7 
15.4 0 7.1 0 30.5 
18.1 0 5.3 1.4 31.0 
8.6 7.2 1.9 55.0 11.8 
0 11.8 0 26.1 0 
0 9.8 0 17.6 0 
60.9 28.8 16.9 1.3 2.2 
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6 4  D a y s , 3  L E A F  A R E A .  ^  
c o n t .  
L A T E R A L ^  C E N T R A L  L A T E R A L  S U M  
T R T ^  R O W ®  B e a n  M a i z e  B e a n  M a i z e  B e a n  M a i z e  B e a n  M a i z e  
A - I V  6  0  5 . 3  0 . 3  2 4 . 3  0  0  0 . 3  2 9 . 6  
5  0 . 6  7 . 7  0  2 3 . 0  0 . 1  4 . 2  0 . 7  3 4 . 9  
4  5 . 8  3 . 7  2 3 . 8  1 3 . 3  2 . 6  4 . 6  3 2 . 1  2 1 . 5  
3  9 . 0  0 . 6  2 3 . 4  1 0 . 0  1 0 . 9  2 . 5  4 3 . 3  1 3 . 1  
2  4 . 9  0  4 . 5  0 . 8  4 . 1  0  1 3 . 6  0 . 8  
1  2 . 5  0  3 . 7  0  3 . 8  0  1 0 . 0  0  
S u m  2 2 . 8  1 7 . 3  5 5 . 7  7 1 . 4  2 1 . 5  1 1 . 2  3 . 6 '  2 . 6  
A - I V  6  0  5 . 0  1 . 2  2 4 . 4  0  7 . 2  1 . 2  36.6 
H i l l  5  0  8 . 8  9 . 5  1 6 . 5  0  6 . 1  9 . 5  3 1 . 4  
4  2 . 5  3 . 4  1 5 . 9  1 4 . 6  0  3 . 4  1 8 . 4  2 1 . 4  
3  3 . 3  2 . 0  2 2 . 3  6 . 3  8 . 4  1 . 6  3 4 . 0  9 . 9  
2  6 . 4  0  1 0 . 5  0 . 6  6 . 0  0  2 2 . 9  0 . 6  
1  0  0  7 . 4  0  6 . 7  0  1 4 . 1  0  
S u m  1 2 . 2  1 9 . 3  6 6 . 7  6 2 . 5  2 1 . 1  1 8 . 3  2 . 1  1 . 8  
M - l  1  6  0  0  0  0  
5  0  0  0  0  
4  0  0  0  0  
3  0  0  0  0  
2  1 4 . 7  2 0 . 7  1 2 . 2  4 7 . 6  
1  1 3 . 9  1 6 . 4  2 2 . 1  5 2 . 4  
S u m  2 8 . 6  3 7 . 1  3 4 . 3  2 . 2  
M - 4  6  6 . 4  1 9 . 9  4 . 4  30.7 
5  6 . 2  1 5 . 9  6 . 9  29.0 
4  4 . 9  1 3 . 4  5 . 0  2 3 . 3  
3  4 . 2  7 . 2  3 . 5  1 4 . 9  
2  0  0 . 9  0 . 6  1 . 5  
1  0  0  0  0  
S u m  2 1 . 7  5 7 . 3  2 0 . 4  2.9 
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T a b l e  5 5  c o n t .  
7 0  D a y s :  ®  L E A F  A R E A ,  ^  
L A T E R A L * ^  C E N T R A L  L A T E R A L  S U M  
TRT^ ROW^ Bean M a i z e  Bean M a i z e  Bean M a i z e  Bean M a i z e  
A - l l  6  0  0  5 . 0  26.9 0  3 . 7  5 . 0  3 0 . 5  
5  0.8 6.2 4 . 4  1 9 . 6  0  8 . 4  5 . 2  3 4 . 3  
4  0 , 4  3 . 6  21.8 1 7 . 6  0.2 5.6 2 2 . 4  26.7 
3  10.2 1 . 3  4 4 . 8  6 . 1  0  0  5 5 . 0  7 . 3  
2  2.2 0 . 3  3 . 1  0.8 1.6 0  6.9 1.1 
1 5 . 6  0  0  0  0  0  5 . 6  0  
Sum 1 9 . 2  1 1 . 4  7 9 . 1  7 1 . 0  1 . 7  17.7 0 . 6 ^  2 . 5  
A - I V  6  0  5 . 5  1 . 7  26.1 0  5.7 1 . 7  3 7 . 3  
5  0  6 . 1  1 3 . 6  1 5 . 9  0 . 8  7.6 1 4 . 5  2 9 . 5  
4  3 . 9  4 . 2  2 9 . 8  13.8 5 . 5  5.7 3 9 . 2  2 3 . 7  
3  8 . 0  0 . 7  2 0 . 6  8 . 4  8 . 8  0.2 3 7 . 4  9 . 2  
2  1 . 6  0  0 . 6  0 2 . 8  0 . 3  4 . 9  0 . 3  
1 0 0  0  0  2.3 0 2.3 0  
Sum 1 3 . 5  1 6 . 5  66.3 6 4 . 1  2 0 . 2  1 9 . 4  2 . 4  2 . 6  
A - I V  6  0  4 . 2  0  2 9 . 4  0  4 . 8  0  3 8 . 4  
H i l l  5  0  9 . 2  4 . 0  0  0  8.5 4 . 0  1 7 . 8  
4  5 . 8  4 . 0  20.5 2 0 . 4  0  6 . 8  26.2 3 1 . 2  
3  2 0 . 2  1 . 8  2 4 . 9  10.3 7 . 9  0  5 2 . 9  1 2 . 1  
2  5 . 3  0  5 . 0  0 . 4  0  0  10.3 0 . 4  
1 1 . 4  0 3.2 0  1 . 8  0  6 . 5  0  
Sum 3 2 . 7  1 9 . 3  5 7 . 6  60.6 9 . 7  2 0 . 1  1 . 4  1 . 9  
M - I l  6 0  0 0  0  
5  0  0  0  0 
4  0  0  0  0  
3  0  0  0  0  
2  1 4 . 3  2 4 . 2  1 3 . 3  5 1 . 8  
1  2 1 . 1  9 . 4  1 7 . 7  4 8 . 2  
Sum 3 5 . 4  3 3 . 6  3 1 . 0  1 . 0  
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Table 55 cont.  
7 0  D a y s , "  
c o n t .  
L E A F  A R E A ,  X o> 
L A T E R A L '  C E N T R A L  L A T E R A L  S U M  
T R T ^  R Q W ^  B e a n  M a i z e  B e a n  M a i z e  B e a n  M a i z e  B e a n  M a i z e  
M - 4  6  7 . 8  2 6 . 3  4 . 7  3 8 . 8  
5  7 . 0  1 8 . 5  6 . 2  3 1 . 7  
4  2 . 7  1 5 . 3  3 . 5  2 1 . 5  
3  1 . 6  5 . 9  0 . 4  8 . 0  
2  0  0  0  0  
1  0  0  0  0  
S u m  1 9 . 1  6 6 . 0  1 4 . 9  3 . 0  
8 2  D a y s  : 
A - I l  6  2 . 6  1 4 . 9  5 . 7  2 3 . 2  
5  8 . 5  2 2 . 2  8 . 0  3 8 . 8  
4  0  2 5 . 0  5 . 2  3 0 . 2  
3  0  7 . 8  0  7 . 8  
2  0  0  0  0  
1  0  0  0  0  
S u m  1 1 . 1  7 0 . 0  1 8 . 9  2 . 1  
A - I V  6  0  5 . 1  0  2 5 . 1  0  6 . 2  0  3 6 . 4  
5  0  1 0 . 1  2 1 . 5  1 6 . 2  1 . 7  1 2 . 3  2 3 . 2  3 8 . 4  
4  1 1 . 7  1 . 1  5 3 . 7  1 8 . 0  3 . 4  1 . 9  6 8 . 8  2 0 . 9  
3  1 . 4  0 . 8  6 . 0  2 . 2  0  1 . 2  7 . 4  4 . 3  
2  0  0  0  0  0  0  0  0  
1  0  0  0 . 7  0  0  0  0 . 7  0  
S u m  1 3 . 1  1 7 . 1  8 1 . 9  6 1 . 4  5 . 0  2 1 . 4  0 . 6 ^  2 . 1  
A - I V  6  4 . 0  0  0  2 8 . 4  0  7 . 8  4 . 0  3 6 . 1  
H i l l  5  0  4 . 8  1 7 . 4  1 8 . 5  0  5 . 7  1 7 . 4  2 9 . 0  
4  4 . 8  4 . 9  2 6 . 1  1 5 . 3  0  3 . 5  3 0 . 9  2 3 . 8  
3  1 5 . 1  1 . 7  3 0 . 0  7 . 7  0  0  4 5 . 0  9 . 4  
2  0  0  2 . 7  1 . 4  0  0  2 . 7  1 . 4  
1  0  0  0  0 . 3  0  0 . 1  0  0 . 4  
S u m  2 3 . 9  1 1 . 4  7 6 . 1  7 1 . 5  0  1 7 . 1  0 . 5  2 . 0  
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8 2  D a y s  
c o n t .  
a  
» L E A F  A R E A .  
L A T E R A L ^  C E N T R A L  L A T E R A L  S U M  
T R T ^  R O W ®  B e a n  M a i z e  B e a n  M a  i  z e  B e a n  M a i z e  B e a n  M a i z e  
M - 4  6  5 . 1  2 4 . 5  4 . 3  3 3 . 9  
5  8 . 0  1 8 . 3  6 . 1  3 2 . 5  
4  3 . 9  1 5 . 1  5 . 6  2 4 . 6  
3  0  6 . 6  2 . 3  8 . 9  
2  0  0  0  0  
1  0  0  0  0  
S u m  1 7 . 1  6 4 . 5  1 8 . 4  3 . 0  
T a b l e  5 6 .  S p a t i a l  v a r i a t i o n  i n  s p e c i f i c  l e a f  a r e a  o f  b e a n  a n d  m a i z e ,  g r o w n  i n  m o n o c u l t u r e  a n d  i n  
a s s o c i a t i o n ,  e v a l u a t e d  a t  i n t e r v a l s  d u r i n g  p o d f i l l i n g  
4 8  D a y s ; ®  S P E C I F I C  L E A F  A R E A ,  c m f / g ^  
B E A N  M A I Z E  
T R T ^  R O k d  L a t e r a l ®  C e n t r a l  L a t e r a l  M e a n  L a t e r a l  C e n t r a l  L a t e r a l  M e a n  
A - l l  6  0  0  0  0  0  0  0  0  
5  0  0  0  0  2 0 0 . 2  196.6 1 9 8 . 9  198.6 
4  0  3 2 4 . 8  0  3 2 4 . 8  2 0 7 . 0  161.8 1 9 3 . 7  1 8 7 . 5  
3  4 0 1 . 1  4 0 3 . 6  3 5 5 . 0  386.6 2 1 7 . 0  161.1 2 1 4 . 8  1 9 7 . 7  
2  3 7 9 . 6  3 9 7 . 0  4 3 8 . 4  4 0 5 . 0  0  2 1 1 . 1  2 3 3 . 2  2 2 2 . 2  
1 4 3 4 . 5  4 2 1 . 7  4 2 6 . 8  4 2 7 . 7  0  0  0  0  
M e a n  4 0 5 . 1  3 8 6 . 8  4 0 6 . 7  2 0 8 . 1  1 8 2 . 7  2 1 0 . 2  
6 0 0 0 0 1 9 0 . 9  1 8 3 . 5  0  187.2 
5  0 296.8 0 296.8 180.8 1 7 2 . 4  0 176.6 VJ ro 
4  382.0 3 9 8 . 9  0 3 9 0 . 5  209.8 1 4 9 . 4  1 8 8 . 5  182.6 o\ 
3  4 2 8 . 7  - 4 7 0 . 3  496.1 4 6 5 . 0  2 4 8 . 4  1 4 4 . 8  2 2 4 . 1  205.8 
2 4 4 1 . 6  5 5 9 . 2  5 6 8 . 7  5 2 3 . 2  0 203.1 2 4 8 . 6  225.9 
1 4 4 5 . 7  4 7 5 . 5  4 8 3 . 6  4 6 8 . 3  0 0 0 0 
M e a n  4 2 4 . 5  4 4 0 . 1  5 1 6 . 1  207.5 170.6 2 2 0 . 4  
a , c , d , e ^ g  d e f i n e d  i n  A p p e n d i x  T a b l e  5 5 .  
E x p r e s s e d  a s  m e a n s ,  b y  c u b o i d a l  s u b s a m p l e s ,  o v e r  t h r e e  1  m  s a m p l e  a r e a s  p e r  p l o t ;  
e m p t y  c u b e s  w e r e  n o t  i n c l u d e d  i n  t h e  c a l c u l a t i o n  o f  t h e  m e a n .  
Table 56 cont.  
2  y  b  
c o n t .  
TRT^ 
A - I V  
H i l l  
R O W ^  
B  E  A  N  M  A  1  Z  E  
L a t e r a l ®  C e n t r a l  L a t e r a l  M e a n  L a t e r a l  C e n t r a l  L a t e r a l  M e a n  
6  0  0  0  0  0  0  0  0  
5  0  0  0  0  0  2 1 6 . 7  0  2 1 6 . 7  
4  0  3 6 8 . 2  0  3 6 8 . 2  1 9 4 . 4  2 2 6 . 6  0  2 1 0 . 5  
3  5 2 2 . 6  5 4 9 . 8  4 7 7 . 8  5 1 6 . 7  2 2 5 . 8  2 0 3 . 0  2 7 6 . 2  2 3 5 . 0  
2  5 5 5 . 8  5 6 9 . 5  4 6 5 . 7  5 3 0 . 3  2 8 3 . 8  1 8 4 . 6  0  2 3 4 . 0  
1  5 2 3 . 2  5 1 7 . 9  5 3 0 . 7  5 2 3 . 9  0  3 0 0 . 3  0  3 0 0 . 3  
M e a n  5 3 3 . 9  5 0 1 . 4  4 9 1 . 4  2 3 4 . 7  2 2 6 . 2  2 7 6 . 2  
M - l  I  6 
5  
4  
3  
2 
1 
M e a n  
0 
0 
0 
0 
4 1 0 . 3  
4 5 9 . 4  
4 3 4 . 9  
0 
0 
0 
3 1 9 . 2  
2 3 2 . 9  
3 4 0 . 9  
328.0 
0 
0 
0 
0 
3 2 7 . 1  
3 5 1 . 5  
3 3 9 . 3  
0 
0 
0 
3 1 9 . 2  
3 5 3 . 8  
3 8 3 . 9  
M - 4  6  1 8 4 . 7  1 7 0 . 9  1 7 2 . 0  1 7 5 . 9  
5  1 8 6 . 0  1 6 5 . 4  1 7 9 . 9  1 7 7 . 1  
4  1 9 3 . 6  1 6 9 . 2  1 8 8 . 1  1 8 3 . 6  
3  2 1 8 . 2  1 7 7 . 8  2 1 5 . 0  2 0 3 . 7  
2  2 3 3 . 5  1 8 9 . 1  2 2 7 . 4  2 1 6 . 7  
1  0  2 2 7 . 8  0  2 2 7 . 8  
M e a n  2 0 3 . 2  1 8 3 . 4  1 9 6 . 5  
Table 56 cont.  
5 7  D a y s : ®  S P E C I F I C  L E A F  AREA, cmf/qb 
B  E  A  N  M  A  1  Z  E  
TRT*^ ROW^ L a t e r a l ®  C e n t r a l  L a t e r a l  Mean L a t e r a l  C e n t r a l  L a t e r a l  Mean 
A - l  1  6  0  0  0  0  1 8 1 . 2  1 7 2 . 3  1 8 8 . 9  1 8 0 . 8  
5  0  0  0  0  1 8 0 . 8  1 4 0 . 8  1 8 0 . 5  1 6 7 . 4  
4  0  3 7 8 . 3  0  3 7 8 . 3  1 7 2 . 8  1 4 3 . 3  1 8 9 . 6  1 6 8 . 6  
3  4 1 4 . 7  4 2 5 . 5  4 4 2 . 3  4 2 7 . 5  1 9 2 . 2  1 4 3 . 7  1 9 2 . 2  1 7 6 . 0  
2  4 7 5 . 8  4 4 6 . 0  4 4 0 . 7  4 5 4 . 2  0  0  0  0  
1  4 3 8 . 5  4 9 0 . 9  4 7 4 . 5  4 6 8 . 0  0  0  0  0  
Mean 4 4 3 . 0  4 3 5 . 1  4 5 2 . 3  1 8 1 . 8  1 5 0 . 0  1 8 7 . 8  
A - I V  6  0  2 6 1 . 3  0  2 6 1 . 3  1 5 4 . 3  1 5 6 . 0  1 5 0 . 2  1 5 3 . 5  
5  0  2 9 9 . 9  2 5 0 . 0  2 7 5 . 0  1 5 8 . 2  1 3 0 . 2  1 5 9 . 2  1 4 9 . 2  
4  3 9 6 . 1  4 1 1 . 7  4 3 6 . 7  4 1 4 . 8  1 6 4 . 1  1 3 7 . 9  1 9 0 . 2  1 6 4 . 1  
3  4 9 0 . 4  5 6 2 . 7  0  5 2 6 . 6  0  1 6 3 . 8  2 5 9 . 6  2 1 1 . 7  
2  5 4 2 . 5  6 1 6 . 0  5 6 2 . 9  5 7 3 . 8  0  1 6 9 . 6  0  1 6 9 . 6  
1  5 1 2 . 3  5 2 7 . 3  5 8 0 . 1  5 3 9 . 9  0  0  0  0  
Mean 4 8 5 . 3  4 4 6 . 5  4 5 7 . 4  1 5 8 . 9  1 5 1 . 5  1 8 9 . 8  
A - I V  6  0  0  0  0  1 9 3 . 8  1 8 7 . 5  1 9 6 . 5  1 9 2 . 6  
H I  1 1  5  0  3 1 8 . 9  2 7 7 . 9  2 9 8 . 3  1 9 3 . 1  1 4 8 . 6  1 8 8 . 6  1 7 6 . 8  
4  0  4 0 2 . 8  3 8 0 . 3  3 9 1 . 6  1 9 9 . 7  1 5 2 . 9  1 9 9 . 5  1 8 4 . 0  
3  4 3 7 . 0  4 6 5 . 5  5 1 1 . 3  4 7 1 . 3  2 3 9 . 7  1 4 7 . 5  1 8 8 . 6  1 9 1 . 9  
2  4 6 0 . 4  5 1 4 . 9  5 4 2 . 5  5 0 5 . 9  0  1 3 8 . 2  0  1 3 8 . 2  
1  5 0 3 . 5  4 0 9 . 9  5 0 9 . 8  4 7 4 . 4  0  0  0  0  
Mean 4 6 7 . 0  4 2 2 . 4  4 4 4 . 4  2 0 6 . 6  1 5 4 . 9  1 9 3 . 3  
Table 56 cont.  
5 7  D a y s , "  SPECIFIC LEAF AREA, cmf/g^ 
c o n t .  
T R T * ^  R O W ^  
B  E  A  N  
L a t e r a l ®  C e n t r a l  L a t e r a l  M e a n  
M - l l  6  0  0  0  0  
5  0  0  0  0  
4  0  0  0  0  
3  0  0  0  0  
2  2 6 0 . 5  2 6 8 . 6  2 7 5 . 7  2 6 8 . 3  
1  3 3 5 . 0  3 0 0 . 1  3 0 1 . 2  3 1 2 . 1  
M e a n  2 9 7 . 8  2 8 4 . 4  2 8 8 . 5  
M A I Z E  
L a t e r a l  C e n t r a l  L a t e r a l  M e a n  
M - 4  6  186.9  1 7 9 . 7  1 7 2 . 5  1 7 9 . 7  
5  186.7 1 4 8 . 2  1 7 5 . 6  170.2 
4  1 8 6 . 4  1 4 2 . 4  187.8 172.2 
3  203.3 163.9 2 1 1 . 4  1 9 2 . 9  
2  2 1 5 . 4  1 6 6 . 7  0 1 9 1 . 1  
1  0 0 0 0 
M e a n  1 9 5 . 7  160.2 186.8 
6 4  D a y s :  
A- I I  6 0 0 0 0 1 4 6 . 1  1 5 1 . 5  162.2 1 5 3 . 3  
5  0 0 0 0  1 4 8 . 6  1 2 8 . 0  1 4 0 . 0  1 3 8 . 9  
4  0  2 7 6 . 5  0  2 7 6 . 5  1 5 5 . 5  1 2 4 . 3  1 5 4 . 0  1 4 4 . 6  
3  3 9 5 . 7  3 7 8 . 8  3 2 2 . 1  3 6 5 . 5  1 8 5 . 0  1 3 6 . 9  1 9 1 . 2  1 7 1 . 0  
2  3 9 5 . 9  3 8 0 . 0  3 1 9 . 1  3 6 5 . 0  0  0  0  0 
1  0  3 9 5 . 7  3 2 9 . 4  362.6 0  0  0  0  
M e a n  3 9 5 . 8  3 5 7 . 8  3 2 3 . 5  158.8 1 3 5 . 2  161.9 
Table 56 cont.  
64 Days,® SPECIFIC 1 LEAF AREA, cm/g^ 
cont. 
B E A N M A 1 Z E 
TRT^ ROW^ Lateral® Central Lateral Mean Lateral Central Lateral Mean 
A-IV 6 0 221.3 0 221.3 166.8 181.0 0 173.9 
5 242.4 0 252.4 247.4 160.6 171.5 163.6 165.2 
4 354.3 386.5 383.9 374.9 172.3 167.2 182.0 173.8 
3 443.7 492.5 481.6 472.6 216.3 191.5 203.2 203.7 
2 441.5 521.0 518.6 493.7 0 132.1 0 132.1 
1 449.1 409.3 514.1 457.5 0 0 0 0 
Mean 386.2 406.1 430.1 179.0 168.7 182.9 
A-IV 6 0 258.3 0 258.3 152.6 144.9 156.0 151.2 
Hill 5 0 261.3 0 261.3 168.5 142.3 148.6 153.1 
4 454.1 329.3 0 391.7 157.0 152.9 166.9 158.9 
3 430.3 422.6 359.1 404.0 211.5 157.8 183.2 184.2 
2 417.8 460.2 404.1 427.4 0 182.6 0 182.6 
1 0 433.4 377.0 405.2 0 0 0 0 
Mean 434.2 360.9 380.1 172.4 156.1 163.7 
M-Il 6 0 0 0 0 
5 0 0 0 0 
4 0 0 0 0 
3 0 0 0 0 
2 245.2 239.7 261.9 248.9 
1 282.5 270.3 273.9 275.6 
Mean 263.8 255.0 267.9 
Table 56 cont.  
6 4  D a y s , ®  S P E C I F I C  L E A F  A R E A ,  c m f / g ^  
c o n t .  
B  E  A  N  M  A  1  Z  E  
T R T ^  R0\/ L a t e  r a i ®  C e n  t  r a  1  L a t e r a l  M e a n  L a t e r a l  C e n t r a l  L a t e r a l  M e a n  
M - 4  6  1 5 8 . 2  1 6 2 . 8  1 6 5 . 8  1 6 2 . 3  
5  1 4 9 . 4  1 2 8 . 9  1 5 4 . 7  1 4 4 . 3  
4  1 7 9 . 8  1 3 1 . 6  1 5 9 . 7  1 5 7 . 0  
3  2 1 2 . 9  1 2 9 . 3  1 8 5 . 1  1 7 5 . 8  
2  0  1 5 0 . 0  1 9 4 . 7  1 7 2 . 4  
1  0  0  0  0  
M e a n  1 7 5 . 1  1 4 0 . 5  1 7 2 . 0  
7 0  D a y s :  
A - l  1  6  0  2 5 6 . 8  0  2 5 6 . 8  0  1 6 5 . 9  1 6 0 . 6  1 6 3 . 3  
5  3 3 4 . 8  2 5 0 . 9  0  2 9 2 . 9  1 6 3 . 5  1 4 6 . 6  1 6 2 . 7  1 5 7 . 5  
4  4 0 5 . 6  3 3 9 . 5  0  3 7 2 . 6  1 6 2 . 8  1 5 6 . 9  1 8 0 . 2  1 6 6 . 6  
3  4 6 4 . 3  4 3 9 . 2  0  4 5 1 . 8  1 7 3 . 6  1 5 1 . 3  0  1 6 2 . 5  
2  4 4 9 . 0  5 1 8 . 2  3 9 8 . 3  4 5 5 . 2  2 5 1 . 5  1 8 1 . 3  0  2 1 6 . 4  
1  5 7 7 . 7  0  0  5 7 7 . 7  0  0  0  0  
M e a n  4 4 6 . 3  3 6 0 . 9  3 9 8 . 3  1 8 7 . 9  1 6 0 . 4  1 6 7 . 8  
A - I V  6  0  2 8 0 . 2  0  2 8 0 . 2  1 5 5 . 3  1 4 4 . 3  1 4 4 . 5  1 4 8 . 0  
5  0  3 2 2 . 4  3 6 6 . 9  3 4 4 . 7  1 7 5 . 9  1 1 8 . 5  1 5 2 . 9  1 4 9 . 1  
4  4 3 5 . 9  3 9 9 . 7  3 9 4 . 9  4 1 0 . 2  1 8 5 . 4  1 4 9 . 5  1 6 0 . 5  1 6 5 . 1  
3  5 0 5 . 2  5 0 8 . 2  4 7 3 . 9  4 9 5 . 8  2 9 2 . 0  1 6 5 . 9  2 2 4 . 8  2 2 7 . 6  
2  5 7 6 . 6  7 3 3 . 3  4 2 7 . 6  5 7 9 . 2  0  0  2 3 6 . 9  2 3 6 . 9  
1  0  0  3 8 4 . 8  3 8 4 . 8  0  0  0  0  
M e a n  5 0 5 . 9  4 4 8 . 8  4 0 9 . 6  2 0 2 . 2  1 4 4 . 6  1 8 3 . 9  
Table 56 cont.  
70 Days,3 SPECIFIC LEAF AREA, cm^/g^ 
cont. 
B E A N M A 1 Z E 
TRT^^ ROW^ Lateral® Central Lateral Mean Lateral Central Lateral Mean 
A-IV 6 0 0 0 0 137.3 130.3 150.6 139.4 
Hill 5 0 261.3 0 261.3 146.4 150.0 162.3 152.9 
4 318.0 331.7 0 324.9 161.9 146.8 176.7 161.8 
3 352.5 411.7 388.6 384.3 221.5 166,7 0 194.1 
2 401.1 406.2 0 403.7 0 191.1 0 191.1 
1 430.7 396.2 313.0 380.0 0 0 0 0 
Mean 375.6 361.4 350.8 166.8 157.0 163.2 
M-ll 6 0 0 0 0 
5 0 0 0 0 
4 0 0 0 0 
3 0 0 0 0 
2 282.8 263.9 316.2 287.6 
1 272.0 289.5 334.9 298.8 
Mean 277.4 276.7 325.6 
M-4 6 158.8 141.5 146.4 148.9 
5 160.6 137.7 145.8 148.0 
4 182.9 144.2 151.3 159.5 
3 246.7 137.4 183.0 189.0 
2 0 0 0 0 
1 0 0 0 0 
Mean 187.3 140.2 156.6 
Table 56 cont.  
82 Days:^ SPECIFIC 1 LEAF AREA, cm^/gf 
B E A N M A 1 Z E 
TRT: ROW^ Lateral® Central Lateral Mean Lateral Central Lateral Mean 
A-11 6 140.9 120.7 137.2 132.9 
5 155.6 114.5 134.4 134.8 
4 0 136.6 139.8 138.2 
3 0 145.2 0 145.2 
2 0 0 0 0 
1 0 0 0 0 
Mean 148.3 129.3 137.1 
A-IV 6 0 0 0 0 120.9 115.4 131.7 122.7 
5 0 289.3 366.5 327.9 144.7 94.6 135.9 125.1 
4 335.9 374.5 317.0 342.5 157.1 141.4 157.6 152.0 
3 360.5 324.4 0 342.4 180.4 142.9 170.9 164.7 
2 0 0 0 0 0 0 0 0 
1 0 332.9 0 332.9 0 0 0 0 
Mean 348.2 330.3 341.7 150.8 123.6 149.0 
A-IV 6 318.9 0 0 318.9 0 112.9 141.5 127.2 
Hill 5 0 230.5 0 230.5 142.5 125.0 175.1 147.5 
4 145.2 252.4  0 198.8 154.7 142.6 170.7 156.0 
3 311.5 353.6 0 332.6 183.2 170.1 0 176.7 
2 0 277.2 0 277.2 0 197.5 0 197.5 
1 0  0 0 0 0 127.5 310.0 218.8 
Mean 258.5 278.4 0 160.1 145.9 199.3 
Table 56 cont.  
8 2  D a y s , ®  S P E C I F I C  L E A F  A R E A ,  c m f / g ^  
c o n t .  
T R T ^  R O W ^  
B E A N  M  A  1  Z  E  
L a t e r a l ®  C e n t r a l  L a t e r a l  M e a n  L a t e r a l  C e n t r a l  L a t e r a l  M e a n  
M - 4  6  1 4 5 . 5  1 2 2 . 7  1 2 2 . 2  1 3 0 . 1  
5  1 6 3 . 8  1 1 7 . 8  1 3 3 . 0  1 3 8 . 2  
4  1 5 5 . 6  1 2 2 . 8  1 5 0 . 0  1 4 2 . 8  
3  0  1 3 5 . 5  1 6 9 . 9  1 5 2 . 7  
2  0  0  0  0  
1  0  0  0  0  
M e a n  1 5 5 . 0  1 2 4 . 7  1 4 3 . 8  
335 
T a b l e  5 7 .  S p a t i a l  v a r i a t i o n  i n  p o d  d r y  w e i g h t  ( P D W )  a n d  i n  p o d  n u m b e r  
( P N ) ,  e v a l u a t e d  a t  i n t e r v a l s  d u r i n g  p o d f i l l i n g  
4 8  D a y s : '  P O D  D R Y  W E I G H T  A N D  P O D  N U M B E R ,  %  
L A T E R A L ^  C E N T R A L  L A T E R A L  S U M  
T M ^  R O W ^  P D W  P N  P D W  P N  P D W  P N  P D W  P N  
A - l l  6  0  0  0  0  0  0  0  0  
5  0  0  0  0  0  0  0  0  
4  0  0  0  0  0  0  0  0  
3  0  0  2 . 4  0  0  0  2 . 4  0  
2  4 . 7  5 . 0  2 4 . 5  2 5 . 7  6 . 4  5 . 5  3 5 . 6  3 6 . 2  
1  2 4 . 9  2 0 . 9  1 1 . 6  1 2 . 2  2 5 . 5  3 0 . 8  6 2 . 0  6 3 . 8  
S u m  2 9 . 6  2 5 . 9  3 8 . 5  3 7 . 9  3 1 . 9  3 6 . 3  1 0 . 0 ^  5 7 . 3 '  
A - I V  6  0  0  0  0  0  0  0  0  
5  0  0  0  0  0  0  0  0  
4  0  0  5 . 9  7 . 1  0  0  5 . 9  7 . 1  
3  0  0  5 8 . 7  5 1 . 1  0  0  5 8 . 7  5 1 . 1  
2  0 . 2  0 . 5  2 5 . 2  2 0 . 3  4 . 1  1 2 . 8  2 9 . 5  3 3 . 7  
1  2 . 4  3 . 2  3 . 1  4 . 2  0 . 4  0 . 8  5 . 9  8 . 1  
S u m  2 . 6  3 . 7  9 2 . 9  8 2 . 7  4 . 5  1 3 . 6  7 . 7  3 6 . 7  
A - I V  6  0  0  0  0  0  0  0  0  
H i l l  5  0  0  0  0  0  0  0  0  
4  0  0  2 1 . 7  7 . 9  0  0  2 1 . 7  7 . 9  
3  0  0  2 6 . 1  2 2 . 4  6 . 9  4 . 4  3 3 . 1  2 6 . 8  
2  0  0  6 . 1  4 . 6  2 . 8  1 1 . 1  8 . 9  1 5 . 7  
1  2 . 8  2 . 2  2 5 . 3  3 7 . 0  8 . 3  1 0 . 3  3 6 . 4  4 9 . 5  
S u m  2 . 8  2 . 2  7 9 . 2  7 1 . 9  1 8 . 1  2 5 . 9  2 . 2  1 1 . 7  
M - l l  6  0  0  0  0  0  0  0  0  
5  0  0  0  0  0  0  0  0  
4  0  0  0  0  0  0  0  0  
3  0  0  0  0  0  0  0  0  
2  6 . 6  4 . 9  1 9 . 4  1 7 . 7  4 . 0  3 . 8  3 0 . 1  2 6 . 5  
1  2 1 . 9  2 2 . 7  2 5 . 1  2 6 . 3  2 3 . 0  2 4 . 5  6 9 . 9  7 3 . 5  
S u m  2 8 . 5  2 7 . 7  4 4 . 5  4 4 . 1  2 7 . 0  2 8 . 3  2 5 . 1  1 3 7 . 3  
a , c , d , e ^ g  d e f i n e d  i n  A p p e n d i x  T a b l e  5 6 .  
M e a n  p e r c e n t a g e s  o f  t o t a l  p o d  d r y  w e i g h t  o f  t o t a l  p o d  n u m b e r ,  b y  
c u b o i d a l  s u b s a m p l e ,  a v e r a g e d  o v e r  t h r e e  1  m ^  s a m p l e  a r e a s  p e r  p l o t .  
^ ' ^ A b s o l u t e  p o d  d r y  w e i g h t  a n d  p o d  n u m b e r ,  s u m m e d  o v e r  t h e  1 8  c u b o i ­
d a l  s u b s a m p l e s  a n d  a v e r a g e d  o v e r  t h e  t h r e e  1  m ^  s a m p l e  a r e a s  p e r  p l o t .  
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5 7  D a y s : *  P O D  D R Y  W E I G H T  A N D  P O D  N U M B E R .  
L A T E R A L ^  C E N T R A L  L A T E R A L  S U M  
T R f ^  R O W ^  P D W  F N  P D W  P N  P D W  P N  P D W  P N  
A-n 6  0  0  0  0  0  0  0  0  
5  0  0  0  0  0  0  0  0  
k 0  0 0 . 3  0 . 8  0  0  0.3 0 . 8  
3  0  0  5 . 0  1 1 . 9  0  0  5 . 0  1 1 . 9  
2  5 . 1  3 . 9  2 1 . 3  1 8 . 8  1 0 . 4  8 . 9  3 6 . 9  3 1 . 7  
1  1 8 . 3  2 0 . 9  1 7 . 2  1 4 . 2  2 2 . 5  2 0 . 6  5 8 . 0  5 5 . 6  
S u m  2 3 . 4  2 4 . 8  4 3 . 7  4 5 . 7  3 2 . 9  2 9 . 5  5 6 . 7 ^  
O
) 0
 
LT
V 
A - I V  6  0  0  0  0  0  0  0  0  
5  0  0  5 . 1  6 . 2  0  0  5 . 1  6 . 2  
4 0  0  3 9 . 6  4 6 . 1  0 . 5  0.3 4 0 . 1  4 6 . 3  
3  0  0  36.6 3 3 . 6  0  0  3 6 . 7  3 3 . 6  
2  2 . 9  2 . 9  7 . 3  4 . 5  0 . 9  0.5 1 1 . 0  8 . 0  
1  1 . 8  1 . 9  4 . 4  3 . 3  0 . 9  0.7 7 . 1  5 . 9  
S u m  4 . 7  4 . 8  9 3 . 0  9 3 . 7  2 . 3  1 . 5  3 0 . 6  1 3 4 . 0  
A - I V  6  0  0  0  0  0  0 0  0  
H i l l  5  0  0  1 4 . 4  2.3 0  0  1 4 . 4  2.3 
4  0  0  1 6 . 2  1 9 . 0  0  0  1 6 . 2  1 9 . 0  
3  0  0  30.0 4 1 . 9  0  0  3 0 . 0  41.9 
2  0 . 6  1 . 0  1 4 . 2  12.7 2 . 5  3 . 1  1 7 . 4  1 6 . 8  
1  7 . 0  7 . 0  8 . 8  8 . 5  6 . 3  4.5 2 2 . 1  2 0 . 0  
S u m  7 . 6  8 . 1  83.6 8 4 . 4  8 . 8  7 . 5  1 8 . 2  7 9 . 3  
M - l l  6  0  0  0  0  0  0  0  0  
5  0  0  0  0  0  0  0  0  
4  0  0  0  0  0  0  0  0  
3  0  0  0  0  0  0  0  0 
2  1 . 5  1 . 8  12.3 1 0 . 6  4 . 7  4 . 5  1 8 . 5  1 7 . 0  
I  2 3 . 4  2 4 . 3  32.8 3 2 . 9  2 5 . 4  2 6 . 1  81.5 83.0 
S u m  2 4 . 8  2 5 . 9  45.1 4 3 . 4  30.1 3 0 . 7  1 1 9 . 9  223.0 
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6 4  D a y s : ®  P O D  D R Y  W E I G H T  A N D  P O D  N U M B E R ,  
L A T E R A L ^  C E N T R A L  L A T E R A L  S U M  
T R T ^  R O W ®  P D W  P N  P D W  P N  P D W  P N  P D W  P N  
A - l l  6  0  0  0  0  0  0  0  0  
5  0  0  0  0  0  0  0  0  
4  0  0  0 . 2  0 . 6  0  0  0 . 2  0 . 6  
3  0 . 2  0 . 5  6 . 7  1 0 . 2  0 . 9  1 . 2  7 . 9  1 1 . 9  
2  9 . 7  1 0 . 6  1 0 . 2  8 . 5  8 . 8  1 0 . 5  2 8 . 6  2 9 . 6  
1  1 3 . 3  1 2 . 8  1 7 . 9  1 4 . 9  3 2 . 1  3 0 . 2  6 3 . 3  5 7 . 9  
S u m  2 3 . 2  2 3 . 9  3 5 . 0  3 4 . 1  4 1 . 8  4 1 . 9  9 2 . 0 ^  1 1 8 . 7 '  
A - I V  6  0  0  0 . 2  0 . 2  0  0  0 . 2  0 . 2  
5  0  0  3 . 0  9 . 1  0  0  3 . 0  9 . 1  
4  3 . 7  2 . 9  3 4 . 4  4 3 . 4  1 . 3  2 . 2  3 9 . 5  4 8 . 5  
3  1 . 8  1 . 6  3 6 . 5  2 6 . 9  2 . 9  3 . 1  4 1 . 2  3 1 . 5  
2  0  0  7 . 2  3 . 8  1 . 2  1 . 5  8 . 4  5 . 3  
1  1 . 6  1 . 2  4 . 0  2 . 6  2 . 2  1 . 6  7 . 7  5 . 4  
S u m  7 . 1  5 . 6  8 5 . 2  8 6 . 0  7 . 6  8 . 4  5 7 . 5  1 4 7 . 3  
A - I V  6  0  0  0 . 5  0 . 8  0  0  0 . 5  0 . 8  
H i l l  5  0  0  9 . 5  1 4 . 6  0 . 1  0 . 2  9 . 6  1 4 . 9  
4  0  0  2 5 . 1  2 9 . 8  0 . 3  0 . 7  2 5 . 4  3 0 . 6  
3  0  0  1 6 . 5  1 9 . 0  0 . 8  1 . 1  1 7 . 2  2 0 . 1  
2  1 . 0  1 . 8  1 3 . 6  8 . 8  2 . 9  1 . 9  1 7 . 5  1 2 . 5  
1  3 . 9  2 .  1  1 7 . 0  1 1 . 9  8 . 8  7 . 1  2 9 . 7  2 1 . 1  
S u m  4 . 9  3 . 8  8 2 . 2  8 5 . 1  1 2 . 9  1 1 . 1  3 8 . 6  9 0 . 0  
M - l  1  6  0  0  0  0  0  0  0  0  
5  0  0  0  0  0  0  0  0  
4  0  0  0  0  0  0  0  0  
3  0  0  0  0  0  0  0  0  
2  1 . 2  1 . 6  1 0 . 3  1 0 . 5  0 . 2  0 . 3  1 1 . 7  1 2 . 4  
1  1 5 . 3  1 7 . 9  4 8 . 5  4 4 . 0  2 4 . 5  2 5 . 8  8 8 . 3  8 7 . 6  
S u m  1 6 . 4  1 9 . 5  5 8 . 8  5 4 . 5  2 4 . 7  2 6 . 0  1 8 2 . 2  2 0 6 . 7  
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7 0  D a y s : ^  
TRT^ ROWf 
A - l l  6  
5  
4  
3  
2 
1 
S u m  
A - I V  6  
5  
4  
3  
2 
1 
S u m  
A - I V  6  
H i l l  5  
4  
3  
2 
1 
S u m  
M -  I l  6  
5  
4  
3  
2 
1 
P O P  D R Y  W E I G H T  A N D  P O P  N U M B E R ,  
L A T E R A L ^  C E N T R A L  L A T E R A L  S U M  
P D W  P N  P P W  P N  P D W  P N  P P W  P N  
0  0  0 . 3  1 . 1  0  0  0 . 3  1 . 1  
0  0  0 . 6  0 . 8  0  0  0 . 6  0 . 8  
0  0  3 . 2  3 . 0  0  0  3 . 2  3 . 0  
0  0  3 . 5  3 . 7  0  0  3 . 5  3 . 7  
1 . 5  3 . 0  2 0 . 2  1 6 . 2  1 7 . 4  1 5 . 3  3 9 . 1  3 4 . 4  
1 3 . 2  1 6 . 5  2 5 . 1  2 2 . 0  1 4 . 9  1 8 . 4  5 3 . 2  5 6 . 9  
1 4 . 7  1 9 . 5  5 3 . 0  4 6 . 9  3 2 . 3  3 3 . 6  1 0 4 . 3 ^  9 9 . 7 -
0  0  0 . 6  1 . 8  0  0  0 . 6  1 . 8  
0  0  9 . 3  1 3 . 0  0  0  9 . 3  1 3 . 0  
0  0  4 4 . 0  4 4 . 1  0 . 1  0 . 2  4 4 . 1  4 4 . 3  
0 . 2  0 . 8  3 1 . 1  2 6 . 6  0  0  3 1 . 3  2 7 . 4  
0  0  3 . 3  2 . 6  1 . 8  1 . 3  5 . 1  3 . 9  
1 . 2  1 . 0  3 . 9  3 . 0  4 . 5  5 . 6  9 . 6  9 . 6  
1 . 3  1 . 8  9 2 . 2  9 1 . 1  6 . 4  7 . 2  8 7 . 3  1 3 3 . 7  
0  0  0  0  0  0  0  0  
0  0  4 . 3  7 . 7  0  0  4 . 3  7 . 7  
1 . 0  1 . 8  2 0 . 3  2 2 . 6  0  0  2 1 . 3  2 4 . 3  
5 . 1  8 . 3  3 8 . 0  3 3 . 6  0  0 . 2  4 3 . 2  4 2 . 2  
3 . 1  2 . 9  6 . 8  5 . 9  1 . 5  1 . 5  1 1 . 4  1 0 . 3  
2 . 4  2 . 2  1 4 . 0  1 0 . 0  3 . 5  3 . 4  1 9 . 8  1 5 . 5  
1 1 . 6  1 5 . 1  8 3 . 3  8 0 . 0  5 . 1  5 . 1  5 8 . 3  9 9 . 0  
0  0  0  0  0  0  0  0  
0  0  0  0  0  0  0  0  
0  0  0  0  0  0  0  0  
0  0  0  0  0  0  0  0  
0 . 2  0 . 2  5 . 6  5 . 1  1 . 6  1 . 4  7 . 4  6 . 7  
2 5 . 2  2 6 . 1  4 0 . 3  3 8 . 4  2 7 . 1  2 8 . 8  9 2 . 6  9 3 . 3  
2 5 . 4  2 6 . 3  4 5 . 9  4 3 . 5  2 8 . 7  3 0 . 2  2 2 0 . 3  1 8 9 . 3  
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8 2  D a y s : '  P O D  D R Y  W E I G H T  A N D  P O D  N U M B E R .  
L A T E R A L '  C E N T R A L  L A T E R A L  S U M  
T R T ^  R O W ®  P D W  P N  P D W  P N  P D W  P N  P D W  P N  
A - I I  6  0  0  0  0  0  0  0  0  
5  0  0  0  0  0  0  0  0  
4  0  0  1 . 1  1 . 5  0  0  1 . 1  1 . 5  
3  0  0  8.2 6 . 4  0  0  8.2 6 . 4  
2 0  0  3 0 . 3  25.0 0  0  3 0 . 3  25.0 
1  1 8 . 7  2 5 . 6  2 2 . 5  1 9 . 9  1 9 . 3  2 1 . 6  60.5 67.1 
S u m  1 8 . 7  2 5 . 6  6 2 . 1  5 2 . 8  1 9 . 3  2 1 . 6  8 5 . 4 ^  8 1 . 7 '  
A - I V  6  0  0  0 . 3  0 . 3  0  0  0.3 0.3 
5  0  0  8 . 3  8 . 1  0  0  8 . 3  8 . 1  
4  1 . 6  1 . 0  3 4 . 6  3 8 . 6  0  0  36.1 3 9 . 6  
3  0 . 3  0 . 6  3 6 . 1  3 4 . 6  0.3 0.3 36.7 3 5 . 5  
2  0 . 7  0 . 9  8 . 4  7 . 2  0  0  9 . 1  8 . 1  
1  0 . 6  0 . 9  9 . 0  7 . 8  0  0  9.6 8.7 
S u m  3 . 2  4 . 7  9 6 . 5  96.6 0.3 0 . 4  8 4 . 5  9 7 . 0  
A - I V  6  0  0  2 . 9  1 . 8  0  0  2.9 1 . 8  
H i  1 1  5  0  0  2 5 . 6  2 4 . 7  0  0  25.7 2 4 . 7  
4  0  0  3 1 . 2  31.2 0  0  3 1 . 2  31.2 
3  0 . 3  1 . 3  2 5 . 9  2 6 . 4  0.9 1 . 2  27.2 28.9 
2  1 . 1  1 . 3  4 . 7  3 . 1  0  0  5.8 4 . 4  
1  1 . 3  1 . 3  3 . 7  5 . 0  2 . 2  2 . 7  7 . 3  9 . 0  
S u m  2 . 7  3 . 9  9 4 . 1  92.1 3 . 2  3 . 9  4 1 . 9  5 7 . 3  
M - l l  6  0  0  0  0  0  0  0  0  
5  0  0  0  0  0  0  0  0  
4  0  0  0  0  0  0  0  0  
3  0  0  0  0  0  0 0  0  
2  7 . 0  7 . 1  1 1 . 2  1 2 . 5  .  1 3 . 8  1 3 . 5  3 2 . 0  3 3 . 1  
1  1 9 . 1  2 1 . 2  3 4 . 8  3 4 . 2  1 4 . 2  1 4 . 1  6 8 . 1  6 9 . 5  
S u m  2 6 . 1  2 8 . 3  4 6 . 0  4 6 . 7  2 8 . 0  27.6 2 0 9 . 3  1 6 7 . 3  
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92 Days:® 
T R T ^  R O W ®  
P O D  D R Y  W E I G H T  A N D  P O D  N U M B E R ,  
L A T E R A L ^  C E N T R A L  L A T E R A L  S U M  
P D W  P N  P D W  P N  P D W  P N  P D W  P N  
A - I V  6 0 0 1.2 1.0 0 0 1.2 1.0 
5 0 0 16.9 17.0 0 0 16.9 17.0 
4 0 0 40.6 39.0 0 0 40.6 39.0 
3 0 0 31.6 32.6 1.7 0.8 33.3 33.4 
2 0 0 1.4 1.8 0 0 1.4 1.8 
1 0.6 0.8 3.1 3.2 2.9 3.9 6.6 7.9 
S u m  0.5 0.8 94.8 94.6 4.6 4.7 124.0^128.7^ 
A - I V  6 0 0 2.2 2.6 0 0 2.2 2.6 
H i l l  5 0 0 11.8 12.7 0 0 11.8 12.7 
4 1.1 1.0 32,4  30.5 0.3 0.7 33.8 32.2 
3 0 0 33.0 33.4 0 0 33.0 33.4 
2 0 0 8.3 7.9 0 0 8.3 7.9 
1 1 .9 2.0 7.2 7.6 1.7 1.6 10.8 11.2 
S u m  3.0 3.0 94.9 94.7 2.0 1.3 76.2 81.0 
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T a b l e  5 8 .  S p a t i a l  v a r i a t i o n  i n  s e e d s  p e r  p o d  ( S P P )  a n d  i n  a v e r a g e  s e e d  
w e i g h t  ( S W T )  i n  T y p e  I I  a n d  I V  b e a n s ®  
S E E D S  P E R  P O D ^  A N D  A V E R A G E  S E E D  W E I G H T ^  
L a t e r a l ^  C e n t r a l  L a t e r a l  M e a n  
T R T ^  R O W ^  S P P  S W T  S P P  S W T  S P P  S W T  S P P  S W T  
A - l l  6  0  0  0  0  0  0  0  0  
5  0  0  0  0  0  0  0  0  
4  0  0  3 . 5  1 4 3  0  0  3 . 5  1 4 3  
3  0  0  5 . 6  1 6 0  0  0  5 . 6  1 6 0  
2  0  0  5 . 5  1 7 6  0  0  5 . 5  1 7 6  
1  4 . 6  1 2 0  5 . 6  1 6 1  ill 1 3 3  5 . 1  1 3 8  
M e a n  4 . 6  1 2 0  5 . 1  1 6 0  5 . 3  1 3 3  
6  0  0  0  0  0  0  0  0  
5  0  0  0  0  0  0  0  0  
4  0  0  0  0  0  0  0  0  
3  0  0  0  0  0  0  0  0  
2  5 . 1  1 7 7  5 . 7  1 4 5  6 . 1  1 6 9  5 . 6  1 6 4  
1  5 . 2  1 6 1  5 . 8  1 6 7  5 . 9  1 7 1  5 . 6  1 6 6  
M e a n  5 . 2  1 6 9  5 . 7  1 5 6  6 . 0  1 7 0  
6  0  0  6 . 4  1 6 9  0  0  6 . 4  1 6 9  
5  0  0  4 . 7  1 6 3  0  0  4 . 7  1 6 3  
4  0  0  4 . 7  1 7 4  0  0  4 . 7  1 7 4  
3  0  0  4 . 7  1 6 8  5 . 8  0  5 . 2  1 6 8  
2  0  0  4 . 5  1 4 1  0  0  4 . 5  1 4 1  
1  4 . 8  1 6 8  4 . 5  1 7 3  4 . 0  1 3 6  4 . 4  1 5 9  
M e a n  4 . 8  1 6 8  4 . 9  1 6 5  4 . 9  1 3 6  
^ A t  m a t u r i t y ,  8 2  a n d  92 d a y s ,  i n  t h e  T y p e  I I  a n d  I V  b e a n  c u l t i v a r s .  
^ ' ^ S e e d s  p e r  p o d  i s  c a l c u l a t e d  b y  d i v i d i n g  t h e  s e e d  n u m b e r  b y  t h e  
n u m b e r  o f  p o d s ,  a n d  s e e d  w e i g h t  i s  c a l c u l a t e d  b y  d i v i d i n g  t h e  g r a i n  
w e i g h t  b y  t h e  n u m b e r  o f  s e e d s ,  p r e s e n t e d  i n  m g / s e e d ;  b o t h  p a r a m e t e r s  a r e  
e x p r e s s e d  a s  m e a n s ,  b y  c u b o i d a l  s u b s a m p l e s ,  o v e r  t h e  t h r e e  1  s a m p l e  
a r e a s  p e r  p l o t ;  e m p t y  c u b e s  w e r e  n o t  i n c l u d e d  i n  t h e  c a l c u l a t i o n  o f  t h e  
m e a n .  
^^^'^As defined in Appendix Table 55. 
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S E E D S  P E R  P O C  A N D  A V E R A G E  S E E D  W E I G H T ^  
L a t e r a l ^  C e n t r a l  L a t e r a l  M e a n  
T R T ®  R O W ^  S P P  S W T  S P P  S W T  S P P  S W T  S P P  S W T  
A - I V  6 0 0 5.4 185 0 0 5.4 185 
H i l l  5 0 167 5.2 156 0 0 5.2 162 
4 5.5 182 4.8 175 0 0 5.2 179 
3 0 0 4.6 175 0 0 4.6 175 
2 0 0 5.3 165 0 0 5.3 165 
1 iLi m 4.6 175 4.8 192 4.7 181 
M e a n  5.0 176 5.0 172 4.8 192 
